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ABSTRACT
The p h o to cu rren t in  o rgan ic  m o lecu lar c r y s ta l s  was s tu d ied  
a s  a  fu n c tio n  o f v o lta g e , tem p era tu re , in t e n s i ty  o f i l lu m in a tio n , 
w avelength  o f e x c i ta t io n ,  e t c .  in  o rd e r  to  understand  th e  p ro cesses  
involved  in  pho toconduction . The compounds chosen were b ip h en y l, 
m -te rp h en y l, j> -te rp h en y l, j> -q u arte rp h en y l, an th racen e , rubrene and 
te tra p h e n y lb u ta d ie n e . The c r y s ta l s  were grown from th e  m elt between 
two se m i- tra n sp a re n t SnO^-coated q u a rtz  p la te s .  E le c t r i c a l  co n tac t 
was made th rough th e  SnO^ f ilm .
The c u r re n t-v o lta g e  c h a r a c te r i s t i c s  a re  g e n e ra lly  super- 
l i n e a r .  The v a r i a t io n  o f th e  p h o to cu rren t w ith  l i g h t  i n t e n s i ty  i s  
s u b lin e a r ,  l in e a r  o r  s u p e r - l in e a r ,  depending upon the  mode o f i l ­
lu m in a tio n  and the  ap p lied  e l e c t r i c  f i e l d .  The photoconduction  
a c t io n  spectrum  i s  g e n e ra l ly  s h if te d  toward the  red  and c o n ta in s  
more s t r u c tu r e  than  th e  co rrespond ing  a b so rp tio n  spectrum  o f th e  
compound. C o n d u c tiv ity  glow curve experim en ts y ie ld  v a lu e s  o f 
0 .3 9  ev . and 0 .60  e v . fo r  t r a p  d ep ths in  m -terpheny l and an th racene  
c r y s ta l s  r e s p e c t iv e ly .  The an a ly ses  o f  the t r a n s ie n t  p h o to cu rren t 
y ie ld ,v a lu e s  o f m o b ility  o f  charge c a r r i e r s ,  su rfa c e  t r a p  d ep th s , 
therm al dependence o f  m o b ility , therm al dependence of c a r r i e r  popu­
l a t io n  and quantum e f f ic ie n c y .
I t  i s  in d ic a te d  th a t  in  the  po lyphenyl s e r i e s ,  th e  in c re a se  
in  th e  in te rm o le c u la r  in te r a c t io n  enhances th e  p h o to c o n d u c tiv ity  o f 
th e  compounds in  th e  s e r i e s ;  th e  e f f e c t  o f su rfa c e  recom bination  
may no t be n e g le c ted  in  th e  k in e t ic s  o f  photoconduction  and th e  
p h o to g en e ra tiv e  p ro cess  a t  the  su rfa c e  may be b ip h o to n ic . I t  a lso  





A s o lid  under th e  In flu en ce  o f  an ap p lied  e l e c t r i c  f i e ld  may show 
an a p p re c ia b le  in c re a se  in  e l e c t r i c a l  co n d u c tiv ity  when i r r a d ia te d  w ith  
l i g h t  o f s u i ta b le  w aveleng ths. Such an enhancement o f  e l e c t r i c a l  con­
d u c tio n  by o p t ic a l  e x c i ta t io n  i s  termed pho toconduction , a phenomenon 
w hich may be observed in  o rg an ic  and in o rg a n ic  s o l id s .  Among o rg an ic  
su b s ta n c e s , those having ex te n s iv e  n -e le c t ro n  systems a re  a p p a re n tly  
th e  most p h o to s e n s i t iv e .  I t  seems, th e r e fo r e ,  n a tu ra l  to  search  fo r  a 
connection  between photoconduction  and the  e x c i ta t io n  of th e  n -e le q tro n s  
o f th e  arom atic  hydrocarbons.
Our p rev io u s  work in d ic a te d  th a t  e x c i ta t io n  o f the  m olecule to  
th e  f i r s t  s in g le t  e x c ite d  s t a t e  i s  k in e t i c a l l y  more im portan t than  the 
e x c i ta t io n  o f  the m olecule to  i t s  t r i p l e t  s t a t e  in s o fa r  as  th e  p ro cess  
of. charge c a r r i e r  g e n e ra tio n  by o p t ic a l  e x c i ta t io n  i s  concerned. I t  
a ls o  seemed th a t  an  in c rea se  in  in te r-m o le c u la r  in te r a c t io n  might lead  
to  h ig h e r p h o to co n d u c tiv ity .
W ith th i s  in  mind, i t  was decided to  study th e  photoconductive 
p ro p e r t ie s  o f  a s e r ie s  o f compounds o f s im ila r  m olecu lar s t r u c tu r e s ;  
th e  polyphenyl s e r ie s  im m ediately suggested  i t s e l f ,  and was chosen.
A number o f o th e r  a rom atic  hydrocarbons ( i .  e . ,  te tra p h e n y lb u ta d ie n e , 
rub rene  and an th racen e) which were known to  be of h ig h  p h o to s e n s i t iv i ty  
w ere a lso  in v e s t ig a te d .




A lthough th e  main purpose o f th e  work was d ire c te d  toward 
u n d erstan d in g  pho toconductive  p ro c e sse s , some s tu d y  o f th e  semlcon- 
d u c tiv e  p ro p e r t ie s  o f th e se  compounds was In d ic a te d  and was made.
Most o f  th e  r e s u l t s  were o b ta in ed  from th e  s tu d y  of th e  p h o to cu rren t 
when a  D. C. v o lta g e  was ap p lie d  a c ro ss  th e  c r y s ta l  w h ile  th e  c ry s ta l  
was under co n s ta n t am bient i l lu m in a tio n  (S teady  S ta te  M ethod). There 
a r e ,  however, im p o rtan t p a ram e te rs , such as  th e  l i f e t im e ,  t , and the 
m o b il i ty ,  jj,, o f th e  charge c a r r i e r s ,  which a re  n o t o b ta in a b le  d i r e c t ­
ly  from steady  s ta t e  measurement o f  c o n d u c tiv ity . A p u lse  techn ique 
known as  th e  c r y s ta l  c o n d u c tiv ity  co u n te r method was consequen tly  
employed to  study  the  c h a r a c t e r i s t i c s  o f th e  t r a n s ie n t  p h o to c u rre n ts . 
U n fo rtu n a te ly , s e n s i t i v i t y  l im i ta t io n s  confined  th e  t r a n s ie n t  s tu d ie s  
to  th e  more p h o to se n s it iv e  m a te r ia ls ,  v i z . ,  an th racen e  and t e t r a -  
p h en y lb u tad ien e .
CHAPTER II
EXPERIMENTAL
The g e n e ra l d e s c r ip t io n s  o f th e  experim en tal tech n iq u es  used 
in  t h i s  re se a rc h  a re  g iven  below. D e ta ils  o f  a p a r t i c u la r  e x p e r i­
m ental method w i l l  be d esc rib ed  in  co n ju n c tio n  w ith  th e  d isc u ss io n  
o f th e  r e s u l t s  th e reb y  o b ta in e d .
A. Chemicals
The compounds used in  t h i s  work were c a r e fu l ly  p u r i f ie d .  The 
methods used were r e c r y s t a l l i z a t i o n ,  vacuum su b lim a tio n  and zone r e ­
f in in g .  Zone r e f in in g  was e x te n s iv e ly  employed fo r  th e  f in a l  s tag e  
o f p u r i f i c a t io n .  The m a te r ia l  was considered  pure when no fu r th e r  
s ig n i f i c a n t  change in  th e  dark  c u r re n t was observed a f t e r  su ccessiv e  
p u r i f i c a t io n s .  T his seemed to  be a  b e t t e r  c r i t e r i o n  fo r  p u r i ty  than  
m e ltin g  p o in t t e s t s  o r a b so rp tio n  sp ec tro sco p y . The r e l a t iv e  m e rits  
o f  t h i s  c r i t e r i o n  were p a r t i c u la r ly  ev id en t in  the  cases o f b ipheny l 
and m -te rp h en y l. A f te r  s e v e ra l  r e c r y s ta l l i z a t io n s  from a b so lu te  
e th a n o l, th e  p u r if ie d  m a te r ia ls  were allow ed to  d ry . The m eltin g  
p o in t and th e  a b so rp tio n  s p e c tra  showed th a t  th e  m a te r ia ls  were " p u re ."  
Yet th e  v e ry  h ig h  dark  c o n d u c tiv ity  masked th e  p h o to cu rren t com plete ly . 
A f te r  su ccess iv e  zone r e f in in g s ,  which did n o t f u r th e r  a f f e c t  m eltin g  
p o in ts  o r a b so rp tio n  s p e c tra ,  th e  dark  c u rre n t was reduced and the 
observab le  p h o to c u rre n t was in c re a se d . A f a s t e r  response  to  illu m in a ­
t io n  was a ls o  observed . The p resence  o f r e l a t iv e ly  la rg e  dark  c u rre n ts  
and th e  re d u c tio n  of th e se  dark  c u r re n ts  upon f u r th e r  zone r e f in in g  in ­
d ic a te s  th e  p resence  o f  im p u r it ie s  and i l l u s t r a t e s  the  e f fe c t iv e n e s s  o f 
th e  zone r e f in in g  method o f p u r i f i c a t io n .  The im p u r it ie s  were p robably  
trap p ed  in  th e  h o s t c r y s ta l  d u rin g  th e  p rocess  o f r e c r y s t a l l i z a t i o n  and 
may have c o n s is te d  o f e th a n o l and w a te r m olecules occluded in  the  c ry s ­
t a l .  The dark  c u r re n ts  observed fo r  th e  "im pure" ( i .  e . ,  r e c r y s ta l -
“ 9 - 8  2l iz e d )  m a te r ia ls  were o f th e  o rd e r  o f 10 to  10 amperes/cm in  an
3 -1e l e c t r i c  f i e ld  o f approx im ate ly  10 V. cm . The dark  c u r re n t fo r  th e
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"p u re"  ( i .  e . ,  e x te n s iv e ly  zone re f in e d )  m a te r ia l was u s u a lly  le s s  
-12  2th an  10 amperes/cm a t  app rox im ate ly  th e  same e l e c t r i c  f i e ld .  
C onsequently , th e  word "pure" in  t h i s  work has a co n n o ta tio n  syn­
onymous w ith  th e  term  " e x te n s iv e ly  zone r e f in e d ,"  th e  l a t t e r  being 
p re fe r re d  to  th e  form er fo r  d e s c r ip t iv e  accuracy . The methods o f 
p u r i f i c a t io n  and the  sou rces o f the v a r io u s  compounds fo llo w :
B iphenyl: M atheson, Coleman and B e ll ,  I n c . ,  E ast R u th erfo rd , N. J . ;
r e c r y s ta l l i z e d  th re e  tim es from ab so lu te  e th a n o l, and ex­
te n s iv e ly  zone re f in e d .  
m -Terphenyli M atheson, Coleman and B e l l ,  I n c . ,  E a s t R u th erfo rd , N. J . ;
r e c r y s ta l l i z e d  from a b so lu te  e thano l th re e  tim e s; e x te n s iv e ly  
zone r e f in e d .
j>-Terphenyl: P i lo t  C hem icals, I n c . ,  Watertown 72, M ass.; e x te n s iv e ly
zone r e f in e d .
£ -Q u arte rp h en y l: P i lo t  Chem icals, I n c . ,  Watertown 72, M ass.; ex ten ­
s iv e ly  zone re f in e d .
A nthracene: (1) P i lo t  Chem icals, I n c . ,  Watertown 72, M ass.; e x ten ­
s iv e ly  zone r e f in e d .
(2) Eastman O rganic Chem icals, R ochester 3, N. Y .;
Eastman H480.
1 , 1 ' , 4 , A* - T e trap h en y lb u tad ien e  - 1 ,3 : P i lo t  C hem icals, I n c . ,  W ater­
town 72, M ass.; e x te n s iv e ly  zone r e f in e d .
5 ,6 ,1 1 ,1 2  - T etraphenylnaphthacene (R ubrene): K and K L a b o ra to r ie s ,
I n c . ,  Jam aica 33, New York; vacuum sublim ed tw ice .
B. P re p a ra tio n  of SnOp- Q uartz E lec tro d e  Systems
O p tic a l grade q u a rtz  p la te s  1 x 1 x 1/16 inches ob ta ined  from 
A m ersil Q uartz D iv is io n , H i l l s id e ,  New Je rsey  were coated w ith  a t r a n s ­
p a re n t f ilm  o f Sn02. P r io r  to  the  c o a tin g  p ro c e ss , the  q u artz  squares 
were cleaned  in  a h o t,  co n cen tra ted  s o lu tio n  of n i t r i c  and s u lf u r ic  
a c id s .  The p la te s  were then washed f re e  o f a c id s  and r in se d  thoroughly  
w ith  d i s t i l l e d  w a te r . T h e re a f te r ,  th ey  were p laced  in  an oven and d rie d  
a t  150°C.
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S u ita b le  e le c tro d e  geom etry was drawn w ith  in d ia  ink  pen o r  w ith  
a  b a l l  p o in t pen on th e  q u a r tz  s u r fa c e .  The a re a  to  be coated  was main­
ta in e d  a t  1 .5  cm^. The a re a  n o t to  be coated  was p a in te d  w ith  a "dag", a 
d is p e r s io n  o f g ra p h ite  in  a lc o h o l.  The p la t e  was h ea ted  to  around
I
600°C in  a  M arshall fu rn ace  and a  s tream  o f  SnCl2  vapor mixed w ith  a i r  
was d ire c te d  normal to  th e  su rfa c e  o f th e  q u a r tz  sq u a re s . A uniform  
and tra n s p a re n t  f i lm  o f Sn02 was formed on the' exposed su rfa c e . The 
tra n sp a re n c y  o f th e  f ilm s  v a ry  w ith  th e  le n g th  o f tim e o f exposure to  
th e  v ap o r. Film s w ith  r e s is ta n c e s  o f  a few thousand ohms were found 
to  be s a t i s f a c t o r i l y  t r a n s p a r e n t .  The f ilm s  tra n sm itte d  l ig h t  uniform ­
ly  from 650 to  310 mix. L igh t ab so rp tio n  was observed to  begin  a t  310 
mix. A f te r  th e  c o a tin g  p ro c e s s , most o f th e  masking p a in t  was removed 
by rubbing  w ith  t i s s u e  pap er soaked in  e th a n o l .  The p la te s  were then  
b o ile d  in  a s o lu t io n  o f co n cen tra ted  n i t r i c  and s u l f u r ic  a c id s  to  r e ­
move th e  rem ain ing  dag . T h e re a f te r ,  th ey  were th o ro u g h ly  washed f re e  
from a c id s  in  a s tream  o f  d i s t i l l e d  w a te r . The c lean sed  Sn02~Quartz 
e le c tro d e s  were s to re d  in  an oven a t  150°C u n t i l  needed.
C. P re p a ra tio n  o f  th e  "Sandwich" C o n d u c tiv ity  C e ll
The c e l l  arrangem ent was e s s e n t i a l l y  id e n t ic a l  to  th a t  used by 
N orthrop  and Simpson.^ The p u r if ie d  m a te r ia l  was p laced  between two 
Sn02-Quartz e le c tro d e s  se p a ra ted  by a te f lo n  sp a c e r . T his sp acer was 
1 m il o r  1 /2  m il th ic k ,  and had beenr washed p re v io u s ly  in  ace to n e , ab­
s o lu te  a lc o h o l and d i s t i l l e d  w a te r in  th a t  o rd e r and d r ie d  a t  110°C.
The c e l l  was p laced  between two b ra s s  p la te s  and th e  whole assem bly 
was p laced  in  a "Hevi Duty" fu rn ace  which had been p reh ea ted  to  5°C 
above the  m e ltin g  p o in t o f th e  compounds in  q u e s tio n . A b ra ss  w eight 
was p laced  on top  o f th e  c e l l  assem bly to  squeeze ou t th e  excess m e lt. 
The m olten m a te r ia l  was allow ed to  cool s lo w ly . The co o lin g  r a te  used 
was th a t  o f  the  fu rn ace  i t s e l f .  About 9 to  10 hours were re q u ire d  to
*D. C. N orthrop and 0 . Simpson, P ro c . Roy. Soc. . 244A, 377 (1958).
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coo l th e  c e l l  to  room tem p e ra tu re . The c o n d u c tiv ity  c e l l s  were u s u a lly  
made In  a i r ;  some c e l l s  w ere p repared  under n i tro g e n  athm osphere. No 
s ig n i f i c a n t  d if f e re n c e  In  th e  c o n d u c t iv i t ie s  was observed between th e  
c e l l s  p repared  under th e  two d i f f e r e n t  a thm ospheres. V a r ia tio n  In  th e  
c r y s t a l l l n l t y  o f th e  m a te r ia l  d id  cause a  la rg e  d if fe re n c e  In  e l e c t r i ­
c a l  p r o p e r t ie s .  G e n e ra lly , g la s s y  type c r y s ta l s ,  ty p ic a l  o f  th o se  ob­
ta in e d  from £ - te rp h e n y l and £ -q u a r te rp h e n y l, and o r ie n te d  n e e d le - l ik e  
c r y s ta l s  ty p ic a l  o f  m -terpheny l c e l l s ,  showed low er p h o to c u rre n ts , 
s low er response  to  i l lu m in a tio n  and g r e a te r  s u p e r - l in e a r i ty  o f c u r re n t-  
v o lta g e  c h a r a c te r i s t i c s  th an  th e  co rrespond ing  c e l l s  o f  b e t t e r  c r y s ta l  
q u a l i ty .  S e le c tio n  o f c e l l s  was based on u n ifo rm ity  o f e x t in c t io n  
under c rossed  p o la ro id .  F or p h o to c o n d u c tiv ity  m easurem ents, th e  reg io n  
o f  uniform  e x t in c t io n  was is o la te d  by b lo ck in g  ou t th e  r e s t  o f th e  a re a  
w ith  dag d is p e rs io n  o r b lack  e l e c t r i c a l  ta p e . E le c t r i c a l  c o n ta c t w ith  
th e  c r y s ta l  was made th rough  th e  SnO f ilm .
D. Steady S ta te  Method
The c e l l  was connected in  s e r ie s  w ith  a s ta b le  power supply  
and th e  K e ith le y  610A m icrom icroam m eter. The power supply  was made 
o f  a  p a r a l l e l  com bination o f d ry  c e l l  b a t t e r i e s .  A Brown-Honeywell 
r e c o rd e r  connected to  th e  o u tp u t o f th e  micromicroammeter recorded  th e  
s te a d y  3 ta te  c u r re n t .  F or th e  s tudy  o f th e  p h o to c u rre n t, a  s ta b le  
source  o f e x c i t in g  r a d ia t io n  was o b ta in ed  from a D. C. o p e ra te d , q u a r tz -  
ja c k e te d  G. E. A-H6 lamp.
D - l.  C u rren t-V o ltag e  C h a r a c te r is t ic s
The c u r re n t-v o lta g e  c h a r a c te r i s t i c s  were s tu d ie d  m ostly  a t  room 
te m p e ra tu re . Only one c u r re n t-v o lta g e  c h a r a c t e r i s t i c  was determ ined in  
th e  neighborhood o f l iq u id  n itro g e n  te m p e ra tu re s ; th e  c e l l  m a te r ia l  was 
a n th ra c e n e . The power su p p lie s  were b a t te r y  packs. In d iv id u a l b a t te r y  
packs were made from s u ita b le  com binations o f d ry  c e l l  b a t t e r i e s .  A 
power supply  made o f a  p a r a l l e l  com bination o f  e ig h t 3 0 0 -v o lt b a t t e r i e s
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and a  100,000 ohm p o te n tio m e te r  was a ls o  u sed . T h is  power supp ly  was 
l im ite d  to  s h o r t  p e r io d s  o f  o p e ra tio n  because i t s  s t a b i l i t y  was ad­
v e r s e ly  a f fe c te d  by th e  r e l a t i v e l y  la rg e  c u r re n t  th a t  d ra in ed  from 
th e  b a t t e r i e s  th rough  th e  p o te n tio m e te r .
D-2. Dependence o f  P h o to cu rren t on L igh t I n te n s i ty
The dependence o f  p h o to c u rre n t on in c id e n t  l i g h t  in te n s i t y  
was s tu d ie d  u s in g  b o th  p o ly -  and monochromatic l i g h t .  N e u tra l o p t i ­
c a l  d e n s ity  sc reen s  c a l ib r a te d  w ith  Cary model 14R spec tropho tom eter 
were used to  v a ry  th e  l i g h t  i n t e n s i t y .
D-3. P h o to co n d u c tiv ity  A ction  Spectrum
The dependence o f th e  p h o to cu rre n t on th e  w avelength  o f i n c i ­
d en t l i g h t  was s tu d ie d  a t  room tem p era tu re  u s in g  th e  Bausch and Lomb 
g ra t in g  monochromator. P h o to c u rre n ts  were c o rre c te d  fo r  unequal in ­
c id e n t l i g h t  i n t e n s i t y  by assum ing th a t  th e  eq u a tio n :
J PX = W
was v a l id  f o r  a l l  w av e len g th s . J  was th e  p h o to c u rre n t observed fo r
Pi
th e  in c id e n t  l i g h t  o f  w avelength  X and i n t e n s i t y  1^, and 5 i s  a  pro­
p o r t io n a l i ty  c o n s ta n t d i r e c t l y  r e la te d  to  th e  quantum e f f ic ie n c y  o f 
charge c a r r i e r  p ro d u c tio n . The c o r re c t io n  f a c to r  was c a lc u la te d  by 
n o rm a liz in g  th e  i n t e n s i t i e s  o f th e  v a r io u s  w avelength  bands o f th e  
l i g h t  o u tp u t o f  th e  A-H6 lamp, whence th e  c o rre c te d  p h o to cu rren t was 
g iv en  by
J  = J  . 1 /1  = t  (2)
p\ c o r r .  p \  X
The v a lu e s  fo r  I., were tak en  from  th e  p u b lish ed  d a ta  fo r  th e  s p e c tr a lA
d i s t r i b u t i o n  of th e  A-H6 and B-H6 l i g h t  so u rces  by the  G eneral E le c t r i c  
Company.
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D-4. Measurement o f A c tiv a tio n  E nerg ies
The measurement o f d a rk  c u r re n ts  and p h o to cu rre n ts  a t  v a r io u s  
tem p era tu res  was c a r r ie d  ou t using  co n d u ctio n  chambers designed  to  main­
ta in  th e  c o n d u c tiv ity  c e l l s  a t  d i f f e r e n t  am bient tem p era tu re s .
The tem p era tu re  o f th e  conduction chamber which was used fo r  
making measurements a t  low tem p era tu res  was c o n tro lle d  by a re g u la te d  
flow o f  n itro g e n  vapor coming from a l iq u id  n itro g e n  r e s e r v o i r .  The 
tem pera tu re  in s id e  th e  conduction  chamber was measured w ith  a Rosemont 
Engr. Co. LH^ r e s is ta n c e - ty p e  tem peratu re  tra n sd u c e r . The tra n sd u c e r  
was c a l ib r a te d  a t  l iq u id  n itro g e n , s o l id  carbon d iox ide  and ice  w ater 
tem p e ra tu re s . The conduction  chamber was made of an aluminum c y lin d e r .  
At one end o f the c y lin d e r  was p laced  a q u a r tz  window w hich p erm itted  
d i r e c t  i l lu m in a tio n  o f  th e  c r y s ta l  c o n d u c tiv ity  c e l l ;  t h i s  window was 
m ain tained  fo g - f re e  by a s tro n g  j e t  o f  d ry  n itro g e n  g as. Thermal in ­
s u la t io n  o f the  chamber was provided by a p re fa b r ic a te d  a sb e s to s  p ipe 
in s u la t io n .  The whole assem bly was enclosed  in  a lu c i te  p l a s t i c  box 
which ac ted  s im u ltan eo u sly  as  a dry box and as a secondary in s u la t io n  
by p rev e n tin g  the to o -ra p id  escape o f  cool n itro g e n  gas from th e  con­
d u c tio n  chamber. When tem peratu res  above room tem pera tu re  were d e s ire d , 
an o th e r conduction  chamber b u i l t  in s id e  a F ish e r  S c ie n t i f i c  oven was 
used . A q u a rtz  window p laced  in  th e  oven door p erm itted  d i r e c t  i l l u ­
m ination  o f the  c o n d u c tiv ity  c e l l .
The a c t iv a t io n  e n e rg ie s  were ev a lu a ted  from the s lo p es  o f  the 
l in e s  o b ta in ed  when th e  lo g arith m  o f  the c u r re n t was p lo t te d  a g a in s t  
the  r e c ip ro c a l  o f a b so lu te  tem p era tu re .
E. Measurement o f  Trap Depths from Therm ally S tim ulated  C u rren ts
The e l e c t r i c a l  analogue of th e  therm olum inescent glow curves 
which have been used by s e v e ra l  au th o rs  to  study  tra p p in g  o f charge 
c a r r i e r s  in  s e v e ra l d i f f e r e n t  m a te r ia ls  i s  what we s h a l l  r e f e r  to  as
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o e
the  c o n d u c tiv ity  glow cu rve. When a c r y s ta l  i s  i r r a d ia te d  a t  low
tem p era tu res  so th a t  th e  tra p p in g  c e n te rs  a re  f i l l e d  and then  th e  
c r y s ta l  i s  h eated  in  th e  d a rk , a t r a n s ie n t  c u r re n t  due to  the  therm ­
a l l y  s tim u la te d  em ptying o f th e  tra p s  i s  o b ta in e d .
R andall and W ilk ins d e riv ed  a f i r s t - o r d e r  eq u a tio n  fo r  th e
glow curve from w hich the  r e la t io n s h ip  between th e  tra p  d ep th , E ,
6and th e  tem p era tu re , Tmav, a t  the  glow peak may be o b ta in ed . T h e ir  
eq u a tio n  i s :
Et  = RTm*v t 1 + log  V (3)u max
where R i s  th e  id e a l  gas c o n s ta n t,  T i s  in  deg rees  a b so lu te  and°  ’ max
f (v ,P )  i s  a fu n c tio n  o f the  a tte m p t- to -e sc a p e  frequency , v , and th e  
r a te  o f h e a tin g , $ . G rossw einer, upon in tro d u c in g  a very  reaso n ab le  
approxim ation  in  th e  eq u a tio n  fo r  the  f i r s t  o rd e r  glow curve d e riv ed  
by R andall and W ilk in s , showed th a t  th e  t r a p  d ep th s  may be c a lc u la te d  
from th e  v a lu e s  of Tmax and th e  tem pera tu re  a t  which th e  low
tem p era tu re  s id e  o f th e  c o n d u c tiv ity  glow curve a t t a i n s  one h a l f  i t s  
maximum in te n s i ty .^  The r e la t io n s h ip  acco rd in g  to  G rossw einer i s :
Et  -  k Tm x  *1 /2  /(T max * Tl/2 >  <4>
where Efc i s  exp ressed  in  e le c t r o n  v o l t s  ( e v ) ,  k i s  th e  Boltzmann
c o n s ta n t and the T 's  a re  a b so lu te  te m p e ra tu re s . The above eq u a tio n
was used to  c a lc u la te  the  t r a p  depths from th e  c o n d u c tiv ity  glow
curves of m -terpheny l and an th racen e .
^R. H. Bube, Phys. Rev. . 106. 703 (1957).
3
R. J .  Van Heyningen and F. C. Brown, Phys. Rev. . 111. 462 (1958), 
^G. F . G a r lic k  and M. H. F . W ilk in s , P ro c . Roy. Soc. . 184A. 408
(1945).
(1945) R andall and M. H. F . W ilk in s , P ro c . Roy. Soc. . 184A. 347
6 I b id . .  p . 366.
7
L. I .  G rossw einer, J .  Appl. Phys. . 24. 1306 (1953).
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To o b ta in  th e  c o n d u c tiv ity  glow cu rves fo r  th e  compounds p re ­
v io u s ly  m entioned, th e  sandwich c o n d u c tiv ity  c e l l  was slow ly  cooled 
down to  n ea r l iq u id  n i tro g e n  tem p era tu res  w h ile  a D. C. v o lta g e  was 
ap p lie d  a c ro ss  th e  c e l l .  The c e l l  was then  i r r a d ia te d  w ith  p o ly ­
chrom atic  l i g h t  from th e  A-H6 fo r  a p e rio d  o f app rox im ate ly  f iv e  
m in u tes . A f te r  th e  i l lu m in a tio n  was te rm in a te d , n itro g e n  gas a t  
room tem p era tu re  was c ir c u la te d  in  th e  conduction  chamber in  o rd e r 
to  warm th e  c e l l  a t  a rea so n ab ly  ra p id  r a t e  w ith o u t in tro d u c in g  
o v e rly  la rg e  therm al s t r a in s  which in v a r ia b ly  caused th e  sandwich 
c e l l  to  b reak  up. The h e a tin g  r a t e  was n o t uniform  over the  tem per­
a tu re  range from 100° to  280°K. Between 100 and 200°K th e  r a te  was 
app rox im ate ly  10° p e r  m inute and above 200°K i t  was about 0 .5 °  p er 
m inu te . The t r a n s ie n t  dark  c u r re n t was follow ed w ith  th e  610 e le c ­
tro m e te r  and th e  Brown-Honeywell r e c o rd e r .
F . A bso rp tion  and F lu o rescen ce  S p ec tra
The a b so rp tio n  and f lu o re sc e n c e  s p e c tra  were o b ta in ed  from 
s o lu t io n s  in  f lu o ro m e tr ic  grade s o lv e n ts .  The Cary model 14R spec­
tro p h o to m eter was used to  o b ta in  th e  a b so rp tio n  s p e c tra  a t  room 
tem p e ra tu re . F lu o rescen ce  and phosphorescence s p e c tra  were taken  
w ith  the  Am inco-Kiers S pectrophosphorim eter a t  l iq u id  n itro g e n  
tem p era tu re .
G. The T ra n s ie n t P h o to co n d u c tiv ity  Method
(See C hapter IV)
CHAPTER III
RESULTS AND DISCUSSION OF STEADY STATE PHOTO- AND SEMICONDUCTION 
A. C u rren t-V o ltag e  C h a r a c te r is t ic s
m -Terphenyl: The c u r re n t-v o lta g e  c h a r a c te r i s t i c s  o f a 49 m icron-
th ic k  c r y s ta l  of m -terpheny l a re  shown in  F ig . 1. Curve 1 was taken
w ith o u t i l lu m in a tin g  the  c r y s t a l .  I t  i s  seen th a t  th e  dark  c u rre n t
0 4 2v a r ie s  as V * below 150 v o l t s  and as  V between 200 and 600 v o l t s .
The slow r i s e  o f th e  dark  c u r re n t w ith  v o lta g e  in  th e  lower v o lta g e  
range may in d ic a te  a tendency o f th e  cvtrrent to  s a tu r a te .  T h is would 
be th e  case i f  th e  e l e c t r i c  f i e l d ,  E = V /d, i s  la rg e  enough such th a t  
th e  range o r  Schubweg, o f the  charge c a r r i e r s ,  co = E|x t , becomes com­
p a ra b le  to ,  i f  n o t la r g e r  th an , th e  th ic k n e s s ,  d , o f th e  c r y s t a l .
T h is d ed u c tio n  i s  based on a n o th e r form o f H ech t's  eq u a tio n  given 
by Mott and Gurney,
Y = (co/d) [ l - ( u ) /d ) ( l - e ”d/u>) ] (5)
which g iv es  th e  c u r re n t-v o lta g e  r e la t io n s h ip  when th e  e l e c t r i c  f i e ld  
in  th e  c r y s ta l  i s  uniform  and th e  charge c a r r i e r s  a re  gen era ted  u n i­
form ly th roughou t th e  c r y s ta l  b u lk . * In  Eq. (5) Y i s  th e  r a t i o  o f th e  
charge re le a se d  in  th e  c r y s ta l  to  th e  charge p assin g  through th e  ex­
te r n a l  c i r c u i t .  Eq. (5) p r e d ic ts  th a t  a t  r e l a t iv e ly  low e l e c t r i c  
f i e ld s  the  c u r re n t w i l l  r i s e  app rox im ate ly  l in e a r ly  w ith  v o lta g e  and 
w i l l  tend to  s a tu r a te  when th e  a p p lie d  e l e c t r i c  f i e ld  i s  h igh  enough 
such th a t  co >  d . When the  c r y s ta l  i s  o p e ra tin g  a t  s a tu ra te d  c o n d itio n s , 
th e  r a te  a t  which th e  charge c a r r i e r s  a re  e x tra c te d  from the  c r y s ta l  
i s  equal to  the  r a te  a t  which th ey  a re  gen era ted  in  th e  c r y s t a l .  An 
approach to  t h i s  c o n d itio n  seems to  p r e v a i l  in  th e  low er v o lta g e  range 
o f curve 1.
N. F . Mott and R. W. Gurney, " E le c tro n ic  P ro cesses  in  Io n ic  
C ry s ta ls " ,  C larendon P re s s , Oxford (1948), p . 122.
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At v o lta g e s  above 150 v o l t s  the c u r re n t In c re a se s  as  the  square
o
of th e  v o l ta g e .  T h is t r a n s i t io n  to  a V" dependence p robab ly  ta k e s  p lace  
fo r  th e  fo llo w in g  re a so n : Above 150 v o l t s  the  e l e c t r i c  f i e ld  i s  la rg e
enough so th a t  the  charge c a r r i e r s  a re  swept ou t o f  th e  c r y s t a l ,  those  
o f one p o la r i ty  be ing  swept out more r a p id ly  th an  those  o f  o p p o s ite  po­
l a r i t y .  C onsequently , a space charge i s  s e t  up in  the  c r y s ta l  and in ­
j e c t io n  o f charge c a r r i e r s  from th e  e le c tro d e s  ta k e s  p la c e  to  compensate
2
fo r  t h i s  space ch arg e . The V p o r t io n  o f  curve 1 i s  then  due to  a space
charge lim ite d  c u r re n t ,  J ,  and i s  p re d ic te d  by the  w e ll known eq u a tio n  fo r
space c h a rg e - l im ite d -c u r re n ts  (SCLC) in  in s u la to r s  w ith  shallow  t r a p s :^
J  = 10 ^  [V ^(ji0 )e /d ^ ] amperes cm ^ (6)
6 = <Nv /Nt ) e ' V kT (7 )
where 0 i s  th e  f r a c t io n  o f the f r e e  space charge, [j, i s  th e  charge c a r r i e r
m o b ili ty , e i s  th e  d i e l e c t r i c  c o n s ta n t,  N i s  th e  d e n s ity  o f s ta t e s  in
the  v a len ce  band, Nfc i s  the  d e n s ity  of tra p p in g  s t a t e s  a t  an energy Efc
above the  v a len ce  band, k i s  the Boltzmann c o n s ta n t and T i s  th e  a b so lu te
tem p era tu re . The f r a c t io n  of the  f re e  space charge may be c a lc u la te d
from th e  reg io n  o f th e  curve and th e  v a lu e  o f  h o le  m o b ili ty , (ji+ = 10 ^ 
2 - 1  -1cm V sec from T able IX. The dark  c u r re n t a t  V = 400 v o l t s  i s
-11 2 -11  -2  1 .65 x  10 a m p ./1 .5 cm o r ap p ro x im ate ly  1 x 10 amp. cm . Using
e ~  3 and d = 5 x 10 cm, the v a lu e  fo r  0 i s  2 .6  x 10 . The tra p  dep th
which was found fo r  th e  main glow peak of the c o n d u c tiv ity  glow curve
shown in  F ig . 2 i s  E = 0 .39  ev. From Eq. (7) th e  tra p p in g  s ta t e  d e n s ity
19 3may be c a lc u la te d  ta k in g  N = 2 .4  x  10 a t  room tem pera tu re  , kT = 1/40
v
ev . and the  v a lu e s  o b ta in ed  fo r 0 and E . The v a lu e  fo r  N tu rn s  ou t to  
18 -3be 1 .8  x 10 cm . From th e  tem p era tu re  a t  th e  maximum o f the. conduct-
^A. Rose, Phys. R ev., £ 7 , 1538 (1955).
"*P. Mark and W. H e lf r ic h , J .  A ppl. P h y s ., ^ 3 , 205 (1962).
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i v i t y  glow cu rv e , I  = 240°K, and E . , th e  escape frequency  from th emax t
t r a p s ,  v , may be o b ta in ed  by approx im ating  Eq. (3) as  Et  = lo 8 v
s in c e  f (v , |3 )< l .  The escape frequency  i s  found to  be 3 .6  x 10® sec"* .
The escape freq u en cy  i s  r e la te d  to  th e  e f f e c t iv e  d e n s ity  o f  s t a t e s  in
th e  v a len ce  band by W c.v* . = N from which th e  tra p p in g  c ro s s - s e c t io n ,tn  v
a . , may be c a lc u la te d .  Assuming th a t  the v e lo c i ty  o f th e  charge c a r-
7 - 1r i e r s  a t  room tem p era tu re , v . , i s  o f  th e  o rd e r  o f 10 cm sec  , th e
-18  2v a lu e  o f a  i s  found to  be 1 .5  x 10 cm . The charge c a r r i e r s  spend
on th e  average a tim e , t  = (N ct v  , ) , in  th e  conducting  s t a t e s .
O C C C ll g
The v a lu e s  o f  Nfc, and v ^  y ie ld  app rox im ate ly  4 x 10 sec fo r  t q .  
Since th e  e x p e rim e n ta lly  determ ined  v a lu e  of )jb i s  r a th e r  sm all and the  
d e n s ity  o f tra p p in g  s ta t e s  i s  q u ite  la rg e ,  i t  seems reaso n ab le  to  con­
clude th a t  th e  m o b ility  i s  tra p -m o d u la ted . I f  t h i s  were th e  case , the  
m o b ili ty , [i,^, which i s  d e fin ed  as  th e  average d is ta n c e  t r a v e l le d  p e r 
u n i t  f i e ld  in  the  d i r e c t io n  o f th e  f i e ld  in  th e  tim e between c o l l i -  
s io n s  d iv id ed  by th e  t im e - in te rv a l  between c o l l i s io n s  may be c a lc u la te d  
from th e  eq u a tio n :
M-o = ^ t a t Vth /v e ”Et/kT  
2 * 1 "1|jb tu rn s  ou t to  be 4 .5  cm V~ sec ; th u s  th e  range p e r u n i t  f i e l d ,
°  -7 2 - 1u)Q = M>0To , i s  app rox im ate ly  1 .8  x 10 cm V . This v a lu e  o f u)q sug­
g e s ts  a s i tu a t io n  w herein  th e  charge c a r r i e r  i s  trapped  a f t e r  t r a v e r s ­
ing  a d is ta n c e  of th e  o rd e r o f th e  dim ensions o f a u n i t  c e l l  in  the  
c r y s t a l .  The v a lu e  o f a fc i s  much too  sm all to  be a s so c ia te d  w ith  atom ic
o r m o lecu lar d im ensions. I t  i s  i n t e r e s t in g  to  n o te  th a t  tra p p in g  c ro ss -
-17 2s e c t io n  of th e  o rd e r  o f 4 x 10 cm was a ls o  re p o rte d  fo r  j> -terphenyl
by Mark and H e l f r i c h .8 I t  may be th a t  the  tra p p in g  mechanism i s  o f  th e
^R. H. Bube, "P h o to c o n d u c tiv ity  o f S o l id s ,"  John W iley and
Sons, I n c . ,  Mew York (1960), p . 51.
5A. Rose, R. C. A. Rev. ,  12, 362 (1951).
8P. Mark and W, H e lf r ic h , o£. c i t . . v o l .  33, p . 205.
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type suggested  by Landau, th a t  o f  an e le c tro n  d igg ing  i t s  own p o te n t ia l
h o le .^  A p o s i t iv e  hole could be trapped  s im i la r ly .  I t  i s  conceivab le
th a t  such a tra p p in g  mechanism in  o rg an ic  m olecu lar s o lid s  may g ive a
s u i ta b le  e x p la n a tio n  fo r  the sm all v a lu e  o f <j . Using th e  v a lu e  fo r
2u)Q, th e  s a tu r a t io n  v o lta g e , Vfl = d u)q , i s  found to  be approxim ate ly
140 v o l t s .  The v a lu e  o f the  s a tu r a t io n  v o lta g e  i s  w e ll w ith in  the
s u b lln e a r  reg io n  o f  the J  v s . V curve and sup p o rts  v e ry  s tro n g ly  th ed ■”
sta tem en t made p re v io u s ly  reg a rd in g  the n a tu re  o f th e  su b lln e a r  p o r­
t io n  of curve 1.
Curves 2 ,3 ,4 ,5 ,6 ,7 ,  and 8 a re  th e  c u r re n t-v o lta g e  c h a ra c te r ­
i s t i c s  a t  v a rio u s  i n t e n s i t i e s  a n d /o r modes of i l lu m in a tio n . Curve 2 
was taken w hile  th e  c o n d u c tiv ity  c e l l  was e x c ite d  by 240 mp, monochro­
m atic  l i g h t .  L igh t of t h i s  w avelength i s  alm ost com pletely  absorbed 
by the  Sn0 2  f ilm  and on ly  a v ery  sm all f r a c t io n  of th e  in c id e n t l ig h t  
in te n s i ty  reaches th e  c r y s t a l .  The r e l a t iv e ly  weak o p t ic a l  e x c i ta t io n  
d id  no t a f f e c t  s ig n i f i c a n t ly  th e  u n ifo rm ity  o f th e  d i s t r ib u t io n  of the  
f re e  charge c a r r ie r s  in  th e  c r y s ta l  as i s  evidenced by the  Ohmic ch a r­
a c t e r i s t i c  o f  the curve a t  the low v o lta g e  range . The e f f e c t  o f s e r i ­
o u s ly  d is tu rb in g  th e  u n ifo rm ity  o f the  charge c a r r i e r  d i s t r ib u t io n  in  
the  c r y s ta l  i s  shown by curves 3 and 4 which were taken  using  l ig h t  
w ith  w avelengths o f  320 and 370 mp, r e s p e c t iv e ly .  L igh t o f th e se  wave­
le n g th s  i s  tra n sm itte d  alm ost com pletely  through  the Sn0 2  f ilm  and i s  
s tro n g ly  absorbed by the  c r y s ta l  w ith in  a su rfa c e  la y e r  o f a few hundred 
Angstrom th ic k n e s s . These photons a re  q u ite  e f f i c i e n t  fo r  photoproduc­
t io n  of charge c a r r i e r s .  I t  i s  seen th a t  both  curves a re  s t r i c t l y  super- 
l in e a r ,  th e  c u rre n t in c re a s in g  as  Curves 5 ,6 , and 7 were ob ta ined
u sin g  po lychrom atic  l ig h t  a t  d i f f e r e n t  in te n s i t y  le v e ls  by in te rp o s in g  
between th e  l ig h t  source and th e  c e l l ,  n e u tr a l  o p t ic a l  d e n s ity  screen s 
ra te d  a t  1 .5 ,  1.0 and 0 .5  o p t ic a l  d e n s ity  u n i ts  r e s p e c t iv e ly .  Curve 8 
was o b ta in ed  a t  100% l ig h t  in te n s i ty .  By u sin g  polychrom atic l i g h t ,  i t
^L. Landau, P h y sik . Z .  Sow jetunion . _3, 664 (1933).
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was hoped t h a t  a smoothing out o f  the charge c a r r i e r  d i s t r i b u t i o n  could 
be e f f e c te d  even when th e  c r y s t a l  i s  operated  under a h igher  r a t e  o f  
p h o to -e x c i ta t io n .  Since l i g h t  o f  wavelengths which a re  more e f f e c t i v e  
fo r  c a r r i e r  g en e ra t io n  a r e  u s u a l ly  m ostly  absorbed c lo se  to t h e  i l l u m i ­
n a ted  s u r f a c e ,  a s t r i c t l y  uniform  d i s t r i b u t i o n  o f  charge c a r r i e r s  through­
out th e  c r y s t a l  can no t be ach ieved . However, by a d ju s t in g  th e  polychrom­
a t i c  l i g h t  i n t e n s i t y  i t  may be p o s s ib le  to  b r in g  about a b a lan c in g  e f f e c t  
between the  r a t e  o f charge c a r r i e r  g en e ra t io n  by the  s t ro n g ly  absorbed 
component o f  the in c id e n t  l i g h t  a t  the su rface  la y e r  and the g e n e ra t io n  
of charge c a r r i e r s  in  th e  bulk o f  the c r y s t a l  by the weakly absorbed 
and o th e r  long  wavelength components o f  the in c id e n t  r a d i a t i o n .  These 
e x p e c ta t io n s  appear to  have been r e a l i z e d .  Thus in  curves 5 and 6  which 
were o b ta ined  a t  lower l i g h t  i n t e n s i t i e s ,  the c u r re n t  in c reased  l i n e a r ly  
w ith  the  v o l ta g e  in  the  same range of v o l ta g e s  where l i n e a r i t y  was p r e ­
v io u s ly  observed in  curve 2. Curves 7 and 8  which were ob ta ined  a t  
h ig h e r  l i g h t  i n t e n s i t i e s  show tendency to  d e v ia te  from l i n e a r i t y .  The 
d e v ia t io n  occurs  a t  lower v o l ta g e s  and in d ic a te s  t h a t  the  charge c a r r i e r  
d e n s i ty  a t  th e  su rface  la y e r  may have become c o n s id e ra b ly  g r e a t e r  than  
the d e n s i ty  o f  charge c a r r i e r s  in  the bu lk  of th e  c r y s t a l .  Based on the 
c u r r e n t - v o l ta g e  c h a r a c t e r i s t i c s  in  the low v o l ta g e  range as shown by 
curves  2 - 8  and e s p e c i a l l y  by 3 and 4, i t  i s  concluded th a t  th e  su p e r­
l i n e a r i t y  o f  the  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  may be caused s o le ly  
by th e  non-un ifo rm ity  o f  o p t i c a l  e x c i t a t i o n  o f th e  c r y s t a l  even in  th e  
range of v o l ta g e s  in  which the u n il lu m in a te d  c r y s t a l  may be expected 
to  o p e ra te  under uniform  e l e c t r i c  f i e ld  c o n d i t io n s .  In  curves 2 ,5 , 
and 6 , the p h o to cu rren t  i s  l i n e a r  w ith  app lied  v o l ta g e  in  approx im ate ly  
the range o f  v o l ta g e s  where the  s a tu r a t i o n  of th e  dark  c u r re n t  was p r e ­
v io u s ly  observed (curve 1 ) .  On th e  b a s is  of th e  Hecht eq u a tio n  t h i s  
im p lie s  t h a t  the  range , u) = Ejj,t, o f  the  charge c a r r i e r s  had decreased  
as a  r e s u l t  o f  p h o to -e x c i ta t io n ,  a consequence which might have been 
occasioned by decrease o f  e i t h e r  m o b i l i ty ,  l i f e t i m e ,  o r  both . I t  seems 
reaso n ab le  to  a t t r i b u t e  t h i s  d ec rease  o f  u> to  a  d ecrease  of t  only , 
which may a r i s e  as the r e s u l t  o f  the in c re a s in g  importance of charge
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c a r r i e r  recom bination  as  a p ro cess  l im i t in g  the  d e n s i ty  o f f r e e  charge
c a r r i e r s  when th e  c r y s t a l  i s  i l lu m in a te d .  Unlike the  dark  c u r re n t  which 
2
in c re a se s  as  V in  th e  h ig h e r  v o l ta g e  range , th e  p h o to cu rren t i n  curves
3/2  3/22 ,5 ,6 ,7 ,  and 8  in c reased  as  V . The V -dependence i s  i n t e r e s t i n g  
in  t h a t  i t  i s  th e  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  o f  t h i s  p a r t i c u l a r  c e l l  
under c o n d i t io n s  of i l lu m in a t io n  which were more o r l e s s  uniform  through­
out th e  whole c r y s t a l .  I t  must be emphasized, befo re  going any f u r th e r  
in  t h i s  d is c u s s io n ,  t h a t  the  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  o f  d i f f e r ­
en t  sandwich c e l l s  o f  one compound are  by no means p r e d ic ta b le  and t h a t  
3/2V -dependence a t  h igh  e l e c t r i c  f i e l d  ranges i s  not w ith  any g re a t  gen­
e r a l i t y ,  a c h a r a c t e r i s t i c  o f  m -terphenyl sandwich c e l l s .  In  t h i s  par-
~  3/2
t i c u l a r  case th e  r e s u l t  i s  r a th e r  unique in  t h a t  the  V -dependence
occurs  above the  ohmic v o l ta g e  range and makes i t  reasonab le  to  assume 
th a t  t h i s  e f f e c t  i s  due e i t h e r  to  the n o n - l in e a r  dependence on the  e l e c ­
t r i c  f i e l d  o f th e  d r i f t  v e lo c i ty  o f  the  charge c a r r i e r s  or to  a v o l ta g e
dependence o f th e  k i n e t i c s  o f c a r r i e r  g e n e ra t io n .
3/2The v a r i a t i o n  o f  the  c u r re n t  as V i s  c h a r a c t e r i s t i c  o f  vacu­
um diodes and the  r e l a t i o n  between the c u r re n t  and the  v o l ta g e  i s  de­
f in e d  by the  Child® - Langmuir^ law
J  = BV3 / 2  (9)
where B i s  a c o n s ta n t .  Im p l ic i t  i n  the  d e r iv a t io n  o f  t h i s  equa tion  i s
2t h a t  the  k i n e t i c  energy , 1 / 2  rav , of th e  charge c a r r i e r  i s  equa l to th e
energy , eV, t h a t  the charge c a r r i e r  g a in s  from the  e l e c t r i c  f i e l d .
1/2Thus the  v e l o c i t y ,  v = (2eV/m) and s in c e  the  space charge, Q = CV,
3/2the  c u r r e n t ,  J  a  V . In  view o f  the f a c t  t h a t  in  a s o l id  th e  charge
c a r r i e r s  w i l l  have to  move through a medium o f  h igh f r i c t i o n ,  a s a t i s -
3/2fa c to ry  ex p la n a t io n  f o r  the  V -dependence of the p h o to cu rren t  must
•8 C. D. C h ild , Phvs. Rev.. 32, 492 (1911). 
^1 . Langmuir, i b i d . ,  2, 450 (1913).
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r e t a i n  the  concept o f  a d r i f t  m o b i l i ty  which i s  independent o f  the 
e l e c t r i c  f i e l d .  On the  b a s is  o f  a model where the  e l e c t r o n s  a re  
s c a t te r e d  by a c o u s t ic a l  phonons, Shockley showed t h a t  a t  m oderate ly  
h igh  e l e c t r i c  f i e l d s ,  i .  e .  e l e c t r i c  f i e l d s  no t h igh  enough to  make 
s c a t t e r i n g  by o p t i c a l  phonons im p o rtan t,  the  d r i f t  v e l o c i t y  o f  the 
e le c t r o n s  v a r ie d  as the  square ro o t  o f  the  e l e c t r i c  f i e l d .  The 
e q u a tio n  fo r  th e  d r i f t  v e lo c i ty  i s
vd r  ^ o e 1 / 2  <10>
where u i s  the v e lo c i ty  of the  a c o u s t ic a l  waves in  the  medium and
|j, i s  th e  l a t t i c e  d r i f t  m o b il i ty  o f  the charge c a r r i e r s .  When
° 3/2i t  i s  considered  th a t  the  e l e c t r i c  f i e l d  in  the  V reg io n  in
4 5 /  2F ig .  1 ranges from 3 x 10 to  10 V/cm and th a t  (j,Q = 4 .5  cm /V sec,
the  m icroscopic  d r i f t  v e l o c i t i e s  would be o f  the o rd e r  o f 1 0 3  cm/sec. 
This i s  o f  the  same o rd e r  of magnitude as the  v e l o c i t y  of sound 
(~  10"* cm /sec). According to  S hock ley 's  model, charge c a r r i e r s  
w ith  v e l o c i t i e s  approaching th a t  o f  the  a c o u s t ic a l  waves would tend 
to  become "hot"  i .  e .  they  would tend to  g a in  energy from th e  e l e c ­
t r i c  f i e l d  f a s t e r  than  they  can lo se  t h i s  energy by c o l l i s i o n  w ith  
the  a c o u s t ic a l  phonons. I t  i s  even p o s s ib le  t h a t  th e  d r i f t  v e lo c i ty  
o f  the  charge c a r r i e r s  may exceed 1 0 3  cm/sec in  an i l lu m in a te d  c ry s ­
t a l  because of the  p o s s i b i l i t y  of th e  form ation  of a w ell  defined  
space-charge reg io n  a few microns th ic k  a t  the  i l lu m in a te d  s id e  of
the  c r y s t a l  and a c ro ss  which most o f  the ap p lied  v o l ta g e  d r o p s . ^
3/2I t  seems, th e r e fo r e ,  no t too unreasonable  to  conclude th a t  th e  V
dependence noted i s  due to  "hot e le c t r o n s "  in je c te d  in to  the  c r y s t a l .
3/2Thus analogous to  the Child-Langmuir law, the  V -dependence may be 
expressed  as :
J  = KuM.QC/d3 /2 ) V3 / 2  (11)
l % .  Shockley, B ell S y s t . Tech. J . , 30, 990 (1951).
^ A .  von H ippel, E. P. G ross, J .  G. J e l a t i s  and M. G e l le r ,
Phys. Rev. .  91, 568 (1953).
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where i  I s  th e  f r a c t i o n  o f  ho t e l e c t r o n s  I n  th e  in je c te d  space-
charge and th e  r e s t  of th e  symbols a r e  as  p re v io u s ly  d e f in e d .  $ i s
l e f t  w ith o u t an a n a l y t i c  d e f i n i t i o n  and w i l l  se rve  f o r  the  p re se n t  
as an a d ju s ta b le  p a ram ete r .
3/2On th e  o th e r  hand, the V -dependence may re p re s e n t  some
upper l im i t  o f  a v o ltag e -d ep en d en t  k i n e t i c  p ro c e s s .  I t  was p r e ­
v io u s ly  mentioned t h a t  th e  sh o rte n in g  o f th e  l i f e t im e  o f the  charge 
c a r r i e r s  i s  the  probab le  cause o f  the  l i n e a r i t y  of the  p h o to cu rren t  
w ith  v o l ta g e  in  th e  range of v o l ta g e s  where the  dark  c u r re n t  was found 
to  be s u b l in e a r .  The most e lem entary  p ro cess  t h a t  might be invoked i s  
a "b im o lecu la r"  type  o f recom bination , the  e f f e c t i v e  recom bination 
r a t e  " c o n s ta n t" ,  Re ££> be ing  a fu n c t io n  o f the  e l e c t r i c  f i e l d :
[ S n (V )/a t  ]v ^  = L-Re£fn 2  (12)
where L i s  th e  r a t e  of p h o to g e n e ra t io n ,  n = n = n i s  the  d e n s i ty  o f“T -
the f r e e  h o le s  o r  e l e c t r o n s  in  th e  i l lu m in a te d  la y e r  o f  th ic k n e ss  b. 
Under s tead y  s t a t e  c o n d i t io n
n = (L/Re f f ) 1 / 2  (13)
We assume a convenien t form of R such a s :e f f
Re f f  = V l - e "b/ElA° Tl>) (14)
where R^ i s  th e  c h a r a c t e r i s t i c  b im o lecu la r  r a t e  o f recom bination  in  the  
i l lu m in a te d  la y e r  and i s  the  " l i f e  tim e" of the  charge c a r r i e r s  
in  t h i s  l a y e r .
n = [ L/Rb( l - e ‘ WEl‘oTk) ] 1/2 (15)
For e l e c t r i c  f i e l d s  such th a t  5Eu t, £  bO D
n = (L/Rb ) 1 / 2  (16)
and f o r  h igh  e l e c t r i c  f i e l d s  such th a t  2  25b
n = [ L/Rb (b/EM,oTb) ] 1 / 2  (17)
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Since the  c u r r e n t ,  J  = neji E/d i t  i s  seen t h a t  a t  low v o l ta g e s ,  J  or V
°  3/2and a t  h ig h e r  v o l ta g e s  J #  V . Since th e  t r a n s i t i o n  from an e l e c t r i c  
f ie ld - in d e p e n d e n t  to  an e l e c t r i c  f ie ld -d e p e n d e n t  r a t e  o f  recom bination 
depends upon b, i t  i s  seen  t h a t  when b i s  small as  in  th e  case when the 
e x c i t in g  l i g h t  i s  s t ro n g ly  absorbed c lo se  to  the  c r y s t a l  su rfa c e ,  the  
t r a n s i t i o n  from th e  ohmic to  the s u p e r - l in e a r  c u r re n t -v o l ta g e  c h a r a c te r ­
i s t i c s  w i l l  occur a t  lower v o l t a g e s .  This  p rov ides  a q u a l i t a t i v e  ex­
p la n a t io n  f o r  the  gen era l  tendency o f  curves 2 , 5 , 6 , 7 , and 8  to  become 
s u p e r - l in e a r  a t  lower v o l ta g e s  and the o b se rv a t io n  of a s t r i c t l y  super-
l i n e a r  c h a r a c t e r i s t i c  o f  3 and 4. To g e t  an approximate va lue  o f  t.
4 - 1we assume t h a t  th e  e l e c t r i c  f i e l d ,  E ~  10 V. <em a t  th e  t r a n s i t i o n  
3 /2from a  V- t o  a V -dependence, s a t i s f i e s  the  co n d i t io n  5 Eu, t . = b and
-5  -9  °  bth a t  b = 10 cm. t . tu rn s  out to  be o f  the  o rd e r  of 10 sec . On
-15making the assum ption t h a t  th e  recom bination  c r o s s - s e c t io n ,  <j , = 1 0  
2cm , th e  d e n s i ty  o f  recom bination  c e n te r s ,  N , , in  the i l lu m in a te d  reg ion
19 -3tu rn s  out to  be o f  the o rd e r  o f 10 cm . These es tim ated  v a lu e s  are  
r a t h e r  i n t e r e s t i n g  in  t h a t  they  imply th e  m olecu lar  n a tu re  of the  r e ­
combination c e n te r s .
I t  i s  no t p o s s ib le  p r e s e n t ly  to  d is c r im in a te  between the  two 
a l t e r n a t i v e  i n t e r p r e t a t i o n s  o f  the  s u p e r - l in e a r  c h a ra c te r  of the c u r re n t -  
v o l ta g e  cu rves .  F u r th e r  work i s  n e c e s sa ry  to  a s c e r t a in  the  n a tu re  of 
the s c a t t e r i n g  mechanisms f o r  charge c a r r i e r s  and the n a tu re  o f th e  r e ­
combination c e n te r s  in  o rg an ic  m olecu lar  s o l id s .
£ -Q u arte rp h en y l , j>-Terphenyl and A nthracene: The c u r re n t-v o l ta g e  char­
a c t e r i s t i c s  of a 35 m ic ro n - th ic k  c r y s t a l  o f  j> -quarterphenyl a re  shown 
in  F ig .  3. In  curve 1 th e  dark  c u r r e n t ,  J ^ ,  i s - s l i g h t l y  s u p e r - l in e a r .
The s lope  o f  log v s .  log  V. in  th e  range of v o l ta g e s  from 10 to  120
v o l t s  i s  1 .2 .  There i s  a tendency f o r  th e  dark  c u r re n t  to  in c re a se  as 
2
V a t  h ig h e r  v o l ta g e s .  Curve 2 shows the  c u r re n t -v o l ta g e  r e l a t io n s h ip  
when th e  c r y s t a l  was i l lu m in a te d  w ith  po lychrom atic  l i g h t  through the  
p o s i t iv e  e l e c t r o d e .  The p h o to c u r re n t ,  Jp+!, in c reased  as  between
2 and 70 v o l t s  w hile  in  curve 3, the  p h o to cu rren t  when th e  i l lu m in a te d  
side  was n e g a t iv e  J^_, in c reased  as  V*-*^ w ith in  th e  same range o f
22
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v o l t a g e s .  Both c u r r e n t s  In c reased  a s  V a t  v o l ta g e s  g r e a t e r  than  100
v o l t s .  The t r a n s i t i o n  of th e  dependence o f  J  and J  from a V* * 8
1 5  2  ** p"and V * r e s p e c t iv e ly  to  a V -dependence i s  n o t  q u i te  sh a rp .  However,
1 6  2in  th e  curve t r a n s i t i o n  from th e  V * to  the  V -dependence appears  
to  be a t  V = 100 v o l t s .  S im i la r ly  in  curve 3, t h i s  occurs a t  a p p ro x i­
m a te ly  V = 90 v o l t s .  These v o l t a g e s ,  which w i l l  be r e f e r r e d  to  a s  the 
t r a n s i t i o n  v o l t a g e s ,  p robab ly  r e p re s e n t ,  r e s p e c t iv e ly ,  the  c r i t i c a l  
v o l ta g e s  fo r  the  e x t r a c t io n  o f  e le c t r o n s  from the  i l lu m in a te d  c r y s t a l  
s u r fa c e  in  th e  case o f  J , and the  i n j e c t i o n  of e le c t ro n s  i n t o  th e
i l lu m in a te d  c r y s t a l  su r fa c e  in  the case o f J  . Thus in  th e  case o f
P-
J  a  p o s i t iv e  space charge due to  trapped  h o les  i s  formed in  the 
P+
c r y s t a l  and i n  the  case  of , a n e g a t iv e  space charge r e s id e s  in
th e  bulk  o f th e  c r y s t a l  due to  trapped  e l e c t r o n s .  The lack  o f  any
2
s p e c ta c u la r  in c re a s e  o f the  c u r re n t  w ith  v o l ta g e  below the  V re g io n  
and the r e l a t i v e l y  low s p a c e -c h a rg e - l im ite d  (SGL) c u rren t  d e n s i t i e s  
i n d i c a t e  the p resence  of r e l a t i v e l y  h igh  d e n s i t i e s  o f  d i s c r e t e  t r a p ­
p in g  c e n te rs  f o r  bo th  the h o le s  and the  e l e c t r o n s  in  the c r y s t a l .
The h ig h er  SCL c u r re n t  d e n s i ty  o b ta ined  f o r  J  compared to  t h a t  f o r  
Jp_ im plies  t h a t  th e  d e n s i ty  o f t ra p p in g  c e n te r s  f o r  ho les  i s  l e s s  
th a n  th a t  f o r  the  e l e c t r o n s  an d /o r  th e  m o b i l i ty  o f  the  h o le s  i s  g r e a t e r
th a n  th a t  o f  the  e l e c t r o n s .  I f  th e ' t r a p p in g  s t a t e s  were d i s t r i b u t e d
2
more o r  l e s s  e x p o n e n t ia l ly  i n  energy , the  c u r re n t  below th e  V reg io n  
would have in c re a se d  acco rd ing  to  th e  w ell  known equation  f o r  a space 
c h a r g e - l i m i t e d - t r a p - f i l l e d - l i m i t e d  (SCL-TFL) c u r re n t :
J  = 10"1 3 (V*io e /d 2 ) ( e n cO/C) e < V  (18)
Where nco i s  th e  i n i t i a l  therm al e q u i l ib r iu m  c o n c e n tra t io n  o f  the 
f r e e  c a r r i e r s ,  where y = C /(n  dekT), where n i s  the  number o f  t r a p sb b
p e r  cubic  c e n t im e te r  per u n i t  range o f energy , and where C i s  the
1 2c ap ac i tan ce  o f  the c r y s t a l .  A c u r re n t  which obeyed the above
*2 Rose, 0 £ . c i t . . v o l .  97, p .  1538.
24
r e l a t i o n s h i p  was ob ta ined  in  j> -terphenyl and i s  d ep ic ted  in  F ig .  4.
There i s ,  however, an anomaly below 40 v o l t s .  According t o  Eq. (18)
th e  t r a n s i t i o n  in  th e  low v o l ta g e  range should be from an ohmic to  a
SCL-TFL c u r r e n t .  The c u r re n t -v o l ta g e  curve below 40 v o l t s  i s  super-
3/2l i n e a r ;  th e  c u r re n t  in c re a s in g  as  V . This anomaly may be due to  
th e  e f f e c t s  of v o l ta g e  which were p re v io u s ly  d is c u s s e d .  However, 
between 40 and 150 v o l t s ,  th e r e  i s  no q u e s t io n  reg a rd in g  the ch a rac ­
t e r i s t i c s  o f  the  c u r r e n t .  I t  in c reased  as  and above th e  t r a n s i -
2
t i o n  v o l ta g e ,  V = 150 v o l t s ,  i t  in c reased  as V . The change from
5 2th e  V -dependence to  the  V -dependence in d ic a te d  t h a t  a t  150 v o l t s
th e  t ra p p in g  c e n te r s  were com plete ly  f i l l e d .  SCL-TFL c u r re n t s  were
13a ls o  o b ta ined  by Mark and H e l f r ic h  u s in g  e l e c t r o l y t e  e l e c t r o d e s .
In  t h e i r  work, th e  t r a n s i t i o n  from SCL-TFL to  SCL c h a r a c t e r i s t i c s  
were n o t ob ta ined  because th e  c u r re n t  s a tu r a te d  b e fo re  the  t r a n s i ­
t i o n  v o l ta g e  was reached .
C u rre n t-v o l ta g e  c h a r a c t e r i s t i c s  which appear to  behave as
SCL-TFL c u r re n ts  were found in  a 40 m ic ro n - th ic k  c r y s t a l  o f  an-
2 2th ra cen e  and a re  shown in  F ig .  5. In  curve 1, J . a  V * between
9 d10 and 76 v o l t s  and J .  a  V above 76 v o l t s .  In  curve 2, J  in -
1.3 d 4 P+c re a se s  as  V between 5 and 50 v o l t s ,  and as V a t  h ig h e r  v o l t ­
a g e s .  In  curve 3 J p_ i s  s u b l in e a r ,  in c re a s in g  only a s  between
5 and 50 v o l t s  and e x h ib i t in g  a "break-away ' 1 c h a r a c t e r i s t i c  above 
50 v o l t s .  The p o s i t i v e  i d e n t i f i c a t i o n  o f the  r a p id ly  r i s i n g  por­
t io n s  o f  curves 1  and 2  was no t unambiguously proved to  be o r  not 
to  be due to  SCL-TFL c u r r e n t .  There i s  reason  to  b e l ie v e  th a t  the  
ra p id  in c re a se  in  the  c u r re n t  w ith  v o l ta g e  i s  due to  the  o n se t  o f
d i e l e c t r i c  breakdown. A ttem pts to  observe a s a tu r a t i o n  o f  the
2
c u r re n t  w i th  v o l ta g e  o r  a t r a n s i t i o n  toward a V dependence a t  
h ig h e r  v o l ta g e s  were not s u c c e s s fu l  because the  c e l l s  u s u a l ly  b reak ­
down perm anently and were consequen tly  s h o r t - c i r c u i t e d .  The occur-
13
Mark and H e l f r i c h ,  o£. c i t . , v o l .  33, p . 205.
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rence o f d i e l e c t r i c  breakdown lends  c r e d i b i l i t y  to  the  b e l i e f  t h a t
the  sharp  r i s e  o f the  c u r re n t  w ith  v o l ta g e  i s  due to  the onse t o f
t h i s  phenomenon. S evera l mechanisms have been proposed by se v e ra l
a u th o rs  to  e x p la in  the  phenomenon o f d i e l e c t r i c  breakdown bu t none
of th e se  may be ru le d  ou t w ith  any g re a t  degree of c e r t a i n t y  on the
b a s is  o f  th e  r e s u l t s  p resen ted  in  F ig .  5. There i s ,  however, the
experim en ta l r e s u l t  shown by curve 4 which enab les  us to  e l im in a te
s e v e ra l  p o s s i b i l i t i e s .  Curve 4 was ob ta ined  when th e  c r y s t a l  was
cooled down to  approx im ate ly  150°K. The c e l l  was i l lu m in a te d  through
the  p o s i t i v e  e le c t ro d e  w i th  po lychrom atic  l i g h t .  I t  i s  seen th a t  
2J  a  V throughout the  v o l ta g e  range . Since no unusual r i s e  in  the 
P+
c u r re n t  was observed in  4, i t  may be concluded th a t  n e i t h e r  the b reak­
down mechanism due to  e l e c t r o n  m u l t i p l i c a t i o n  as suggested  by Von
14 15Hippel nor the  Zener type o f d i e l e c t r i c  breakdown were the  opera­
t i v e  p ro c e ss e s .  I t  i s ,  however, p o s s ib le  t h a t  the  breakdown i s  due 
to  jo u le  h ea t  as suggested  by W ag n er^ . I f  t h i s  were the  case th e  ' 
sharp r i s i n g  p o r t io n s  o f curves 1  and 2  may have been due to  th e  t h e r ­
mal io n iz a t io n  of im p u ri ty  c e n te r s  and the  d e tra p p in g  of charge c a r ­
r i e r s  caused by lo c a l  h e a t in g  and no t due to  an SCL-TFL c u r r e n t .  From 
the a v a i l a b le  experim en ta l d a ta ,  the  tra p p in g  s t a t e  d e n s i ty  fo r  ho les  
in  an th racene  may be c a lc u la te d .  The c o n d u c t iv i ty  glow curve shown
in  F ig .  6  y ie ld ed  a t r a p  dep th , E = 0 .6  ev, fo r  the main glow peak.
2 19 -3Using the v a lu e s :  |io = 2 cm /V sec ,  = 2 .5  x 10 cm , e = 2 .5 ,
d = 4 x 10 ^ cm, T = 150°K and the  c u r re n t  d e n s i ty  a t  V = 100 v o l t s
-9 2from curve 4 which i s ,  J  = 8 . 8  x 10 a m p s . / I . 5 cm , N tu rn s  out to
P+ t
1 4 A. von H ippel, Z. P h y sik . 75, 145 (1932). 
^ C .  Zener, P roc. Roy. S o c . , 160A, 523 (1934). 
1 6 K. W. Wagner, E le c . E n g . . 41, 1034 (1922).
F ig .  6 . C o nduc tiv ity  Glow-Curve: Anthracene










The c u r re n t -v o l ta g e  curves 2 and 3 a re  q u i te  s im i la r  to  the  
forward and the  re v e rse  c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  of pn ju n c ­
t i o n s . ^  R e c ti fy in g  ju n c t io n s  a r i s i n g  from th e  presence o f su rface
18 19s t a t e s  as proposed by Bardeen and Bardeen and B r a t t a in  and from
the  mismatch of the  work fu n c t io n  o f  e le c t ro d e  and the c r y s t a l  as  sug- 
20 21gested  by Mott and Schottky a r e  a lso  probable  causes o f the  super-  
l i n e a r  c h a ra c te r  of the c u r re n t -v o l ta g e  c h a r a c t e r i s t i c s  in  F ig .  5.
Biphenyl and T e trap h en y lb u tad ien e : The c u r re n t -v o l ta g e  c h a ra c te r ­
i s t i c s  o f  a 30 m ic ro n - th ick  c r y s t a l  of b iphenyl a re  shown in  F ig .  7.
The dark  c u r re n t  ( s e e  curve 1) in c re a se s  as V below 7 v o l t s .  At 
v o l ta g e s  between 7 and 50 v o l t s  i t  in c re a se s  l i n e a r ly  w ith  v o l ta g e .
The c u r re n t  becomes ex trem ely  n o isy  a t  h ig h er  v o l ta g e s .  The behav io r  
of the  p h o to cu rren t w ith  v o l ta g e  when the c e l l  was i l lu m in a te d  w ith
polychrom atic  l i g h t  through the p o s i t i v e  e le c t ro d e  i s  shown by curve 2 .
1/2The c u r re n t  v a r ie s  a s  V below 50 v o l t s  and between 50 and 180 v o l t s
the  p h o to cu rren t  becomes ex trem ely  n o isy .  The onse t of no ise  i s  u s u a l ly
followed by d i e l e c t r i c  breakdown. The breakdown cuases the c e l l s  to  be
sh o r t  c i r c u i t e d .
2
The V -dependence o f  J ,  a t  low v o l ta g e s  and the change o f t h i sa
dependence t o  ohmic c h a r a c t e r i s t i c  a t  h ig h er  e l e c t r i c  f i e l d s  may be
22analyzed in  terms o f  the eq u a tio n  derived  by Mott and Gurney fo r  the  
dependence of c u r re n t  on v o l ta g e  f o r  sm alle r  e l e c t r i c  f i e l d s  fo r  which 
the space-charge i s  im p o rtan t .  The equation  they  derived  fo r  the
1 7 W. Shockley, P roc . I .  R. E . , 40, 1289 (1952).
1 ft
J .  Bardeen, Phys. Rev., .71, 717 (1947).
1 9 J .  Bardeen and W. H. B r a t t a in ,  i b i d . ,  75, 1208 (1949).
20N. F. M ott, Proc. Roy. S o c . , 171A. 27 (1939).
2 1 W. S cho ttky , Z. P h v s tk . 118. 539 (1942).
2 2 N. P. Mott and R. W. Gurney, " E le c t ro n ic  P rocesses  in  Io n ic
C r y s ta l s , "  Clarendon P ress ,  Oxford (1948), p. 172.
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p o t e n t i a l  drop a c ro ss  th e  c r y s t a l  I s :
V = 2/3  ( 8 t t J /h ) 1 / 2  [ (d  + bQ) 3 /2 - bQ3 /2 ] (19)
bQ = j / 8 rrjiNQ2 e 2  (20)
Nq i s  the  d e n s i ty  o f the  e le c t r o n s  a t  the  su rfa c e  immediately in
c o n ta c t  w ith  the  e le c t r o d e ,  b i s  a c o n s ta n t  and the  r e s t  o f  theo
symbols a re  as defined  p re v io u s ly .  The two eq u a tio n s  g ive  J  in
terms o f V. For small v a lu es  o f  V, J  i s  small and b «  d so th a t* o
J  =? 9|iV2/32nd3 (21)
2
The c u r re n t  in c re a se s  as  V . For la rg e  v o l ta g e s  bQ »  d whence
J  = ep,NoV/d (22)
The c u r re n t  i s  ohmic. The o rd e r  of magnitude of the  c r i t i c a l  f i e l d  
i s  th e r e fo r e :
E = V/d > eN d (23)c o  '
The l a s t  eq u a tio n  allow s the  c a lc u la t io n  of the  o rd e r  o f  magnitude
of N from the  t r a n s i t i o n  v o l ta g e ,  V = 7 .2  v o l t s ,  in  curve 1. I t
°  ~  1 2 - 2tu rn s  out t h a t  N < 5 .5  x 10 cm . We no te  th a t  the  dark  c u r re n ts
° -13in  F ig .  7 a re  of th e  o rd e r  o f  10 amperes in  the  space charge r e ­
gion o f  the  cu rve . I f  a l l  o f  the  Nq charge c a r r i e r s  were f r e e ,  
the  v a lu e  o f  p. c a lc u la te d  from Eq. (22) would be o f  the  o rd e r  of 
10 * cm2  V * sec" which i s  a very  unreasonable  number! On the
o th e r  hand, i f  we assume a reaso n ab le  va lue  fo r  the  m o b i l i ty ,
2 - 1  - 1p, ~  1 cm V sec , the c u r re n t  c a lc u la te d  from the  same equa tion  
would be of the o rd e r  o f  a m i l l i -a m p e re .  I t  must, t h e r e f o r e ,  be 
concluded th a t  th e se  charge c a r r i e r s  a re  m ostly  im m obilized. I t  i s  
q u i te  p o s s ib le  t h a t  they  a re  lo c a l iz e d  in  the su rfa c e  s t a t e s  o f  the  
c r y s t a l  p a r t i c u l a r l y  in  the  immediate v i c i n i t y  of the  c r y s t a l - e l e c t r o d e  
c o n ta c t .  I f  t h i s  were the  case we could o b ta in  an e s tim a te  o f the  den­
s i t y  o f su rface  s t a t e s  from the  es tim ated  d e n s i ty  of su rfa c e  charge 
when the  c r y s t a l  i s  opera ted  under a c o n d i t io n  in  which i t  may be
32
reaso n ab ly  assumed t h a t  th e  s u r fa c e  s t a t e s  a re  alm ost com pletely  
occupied , i .  e .  the  r a t e  o f  charge c a r r i e r  g e n e ra t io n  in  the  c r y s t a l  
must be made s u f f i c i e n t l y  h igh  to  m a in ta in  th e  h ig h e s t  p o s s ib le  den­
s i t y  o f f r e e  charge c a r r i e r s .  In  curve 2, which we s h a l l  d isc u s s  
l a t e r ,  we n o te  t h a t  th e  t r a n s i t i o n  v o l ta g e ,  V = 50 v o l t s  has in c reased
by n e a r ly  an o rd e r  o f  magnitude compared to  t h a t  o f  curve 1. The
13 2v a lu e  fo r  N i s  5 x 10 cm . This v a lu e ,  i f  taken  as an e s tim a te  o
of the  su rfa c e  s t a t e  d e n s i ty ,  seems to  be v e ry  reaso n ab le  when com­
pared to  the  e s tim a ted  and measured d e n s i t i e s  of su rfa c e  s t a t e s  in  
some in o rg a n ic  c r y s t a l s .  There i s  p r e s e n t ly  no a v a i la b le  d a ta  fo r  
the  d e n s i ty  o f  su rfa c e  s t a t e s  in  o rg an ic  c r y s t a l s .  In  a h y p o th e t i ­
c a l l y  c lean  and p e r f e c t  germanium o r  s i l i c o n  s u r f a c e ,  the  su rfa c e  s t a t e
23 14 1 5
d e n s i ty  was es tim a ted  by Shockley to  be o f th e  o rd e r  o f  10 to  10
_ 2cm w hile  th e  ex p e r im e n ta l ly  measured su rfa c e  s t a t e  d e n s i ty  in  n -type
1 3 - 2germanium i s  o f the  o rd e r  o f  5 x 10 cm accord ing  to  Shockley and 
24Pearson .
The f i l l i n g  up o f the  su rfa c e  s t a t e s  g iv es  r i s e  to  a space- 
charge la y e r  n e a r  the  s u r f a c e ;  a p o t e n t i a l  b a r r i e r  i s  e s ta b l i s h e d  a t  
a v a lu e  such t h a t  th e  excess  charge in  the  su rfa c e  s t a t e s  i s  balanced 
by t h a t  o f th e  io n ized  im p u r i t ie s  and the  f r e e  c a r r i e r s  in  the  space- 
charge l a y e r .  The p o t e n t i a l  b a r r i e r  may be e s tim a ted  from th e  dark 
c u r re n t  curve. At the  t r a n s i t i o n  v o l ta g e ,  the  f r e e  charge c a r r i e r  
d e n s i ty ,  n^, in  the  bu lk  must equal t h a t  a t  the s u r fa c e .  From the
ohmic reg io n  o f the  curve we c a lc u la te  th e  ohmic r e s i s t a n c e ,
14 - 2  2  - 1  - 1R = d /n  ep, = 10 ohm/cm and assuming th a t  jj, ~  1cm V sec we get
V 3 -V /kTn^ = 150 charge c a r r i e r s  per  cm . Using the eq u a tio n  n^ = NQe b
w ith  kT = 1/40 e v . ,  i s  found to  be 0 .7  to  0 .8  ev.
The e x te r n a l ly  ap p lied  v o l ta g e  changes th e  p o t e n t i a l  drop ac ro ss
the  b a r r i e r  and hence r e s u l t s  in  a change in  th e  th ic k n e ss  o f  the b a r r i e r .
2 3 W. Shockley, Phys. R ev .. 56, 317 (1939).
Shockley and G. L. P earson , i b i d . , 74. 232 (1948).
33
I f  the  sense of the  a p p lie d  v o l ta g e  i s  i n  the  forward d i r e c t io n  i .  e .
th e  b a r r i e r  he ig h t i s  d ec rease d , th e  w id th  of th e  b a r r i e r ,  b , in -
25 °c re a se s  as  deduced from th e  b a r r i e r  e q u a tio n :
Vfe =F V = (2 n /e )  n deb* (24)
Conversely when th e  a p p lied  v o l ta g e  i s  i n  the  re y e rse  d i r e c t io n ,  b
1/2  °  d e c re a se s .  The V -dependence o f  may be due to  the  photogenera­
t i o n  and recom bination  ta k in g  p lace  m ainly in  th e  space charge re g io n :
26J  being i n  th i s  sense  tak en  as  th e  re v e rse  c u r r e n t .
P+
The p h o to c u r re n t-v o l ta g e  c h a r a c t e r i s t i c s  o f  a 28 m ic ro n - th ick
c r y s t a l  o f  te tra p h e n y lb u ta d ie n e  a re  shown in  F ig .  8 . The c r y s t a l  was
e x c i te d  w i th  monochromatic l i g h t  a t  365 mp,. The c h a r a c t e r i s t i c s  a re
v e ry  s im i la r  to  th o se  ob ta ined  f o r  b ipheny l except t h a t  in  te tra p h en y l-
2
b u tad ien e ,  the  J  curve v a r i e s  as  V in  th e  range of low v o l ta g e s .
1/2In  b iphenyl i s  p ro p o r t io n a l  to  V . This d i f f e r e n c e  probably  
a r i s e s  from the d i f f e r e n c e  in  the p o l a r i t y  of the  su rfa c e  charge in  
th e  two compounds. This suggests  the  p o s s i b i l i t y  t h a t  th e  m a jo r i ty  
c a r r i e r s  in  b iphenyl have th e  o p p o s ite  s ig n  to  t h a t  in  t e t r a p h e n y l ­
b u tad ien e .
^ A .  J .  Dekker, "S o lid  S ta te  P h y s ic s ,"  P r e n t ic e -H a l l ,  I n c . ,  
Englewood C l i f f s ,  N. J . , (1961) p . 350.
Shockley and W. T. Read, Phys. Rev. . 87. 835 (1952).










B. Dependence o f  P h o to cu rren t  on L igh t I n t e n s i t y
The r e s u l t s  ob ta ined  from th e  s tudy  o f th e  v a r i a t i o n  of the
p h o to cu rren t  w ith  l i g h t  i n t e n s i t y  may be expressed  in  terms o f  the
r e l a t i o n s h i p ,  J p+ a  1 ^ ,  where J p+ i s  the  p h o to c u r re n t  when the  i l l u ­
minated s id e  i s  p o s i t i v e ,  I  i s  the  i n t e n s i t y  o f the  in c id e n t  l i g h t
of wavelength X, and 0 .5  < m < 1. Where po lychrom atic  l i g h t  i s  used,
the  p h o to cu rren t  i s  l i n e a r  w ith  l i g h t  i n t e n s i t y .  Log J  was p lo t te d
P+
a g a in s t  log  %I^ f o r  d i f f e r e n t  compounds. The v a lu e s  o f  m were ca lc u ­
l a t e d .  The r e s u l t s  a re  summarized in  Table I .  I t  i s  observed th a t :
(a) The p h o to c u r re n t  i s  l i n e a r  w i th  l i g h t  i n t e n s i t y  when th e  l i g h t  
i s  alm ost com plete ly  absorbed a t  o r  v e ry  c lo se  to  the  su rfa c e  of the 
c r y s t a l .  The p e n e t r a t io n  dep th  o f the  sh o rt-w av e len g th  l i g h t  used i s  
p robably  l e s s  than  1 0  ^ cm.
(b) The p h o to cu rren t  i s  approx im ate ly  p r o p o r t io n a l  to  the square 
ro o t  o f  the  l i g h t  i n t e n s i t y  when th e  e x c i t in g  l i g h t  p e n e t r a te s  deeper 
in to  the  bu lk  of th e  c r y s t a l .  Based on 99% a b s o rp t io n ,  the  e x t in c t io n  
c o e f f i c i e n t  and th e  d e n s i ty  of the  c r y s t a l ,  the  p e n e t r a t io n  depth  of 
the  l i g h t  o f lon g er  wavelength used f o r  e x c i t a t i o n  was es tim a ted  to  be 
of the  o rd e r  of 1 micron.
(c) The exponent, m, tends  to  in c re a se  w ith  in c re a se  o f the  v o lta g e  
ap p lied  a c ro ss  th e  c r y s t a l .
These o b se rv a t io n s  as w e ll  as o th e r s  concerning  the  e f f e c t  on 
the  p h o to c u r re n t-v o l ta g e  c h a r a c t e r i s t i c  o f  v a r io u s  modes of i l lu m in a ­
t io n  may be r a t io n a l i z e d  w ith  a f a i r  degree o f  c o n s is te n c y .  From the
s u p e r - l in e a r  J  v s .  V c h a r a c t e r i s t i c  t h a t  in v a r ia b ly  r e s u l t s  when the  
P+
c r y s t a l  i s  e x c i te d  by a s tro n g ly  absorbed monochromatic l i g h t ,  i t  may 
be assumed th a t  a p o t e n t i a l  b a r r i e r  i s  e s ta b l i s h e d  when the  c r y s t a l  i s  
i l lu m in a te d .  This p o t e n t i a l  b a r r i e r  might be o f th e  Schottky  type or 
of the type t h a t  might a r i s e  because o f the  p resence  o f  su rfa c e  s t a t e s  
in  the  c r y s t a l .  For the  purposes o f  the  d is c u s s io n ,  l e t  i t  be assumed 
t h a t  the b a r r i e r  i s  formed because the  su rfa c e  of the c r y s t a l  in  c o n tac t  
w ith  the  Sn0 2  e le c t ro d e  i s  charged n e g a t iv e ly ,  and t h a t  a d ja c e n t  to  the  
su rface  and ex tending  in to  the  bulk  of the  c r y s t a l  th e re  i s  a p o s i t iv e
36
TABLE I
I n t e n s i t y  Dependence o f P ho to cu rren t
Compound V o lts  \(m|j,)
b ipheny l 1 2  270
30 310
30 370
m- te rp h e n y l  l5Q n ( )
150 370
23 365




















space-charge  reg io n  o f  th ic k n e s s ,  b. This space-charge  reg io n  w i l l  
be subsequen tly  r e f e r r e d  to  as the  d e p le t io n  reg io n  o r  la y e r .  There 
w i l l ,  th e r e f o r e ,  be a p o te n t i a l  d i f f e r e n c e ,  V^, between the  su rfa c e  and 
the bulk  of th e  c r y s t a l  such th a t  an e le c t r o n  coming from below the  
su rface  has to  acq u ire  energy equal to  eV^ in  o rd e r  t h a t  i t  can go over 
t h i s  p o t e n t i a l  b a r r i e r .  Since the  g r e a te r  f r a c t i o n  of the  v o l ta g e  ap­
p l ie d  ac ro ss  the  c r y s t a l  drops a c ro ss  the b a r r i e r  i t  seems q u i te  pos­
s ib l e  t h a t  when a h o le - e le c t ro n  p a i r  i s  produced a t  the  ju n c t io n  between 
the n e g a t iv e ly  charged su rface  la y e r  and the  d e p le t io n  re g io n ,  they may 
be immediately se p a ra te d ,  be fo re  they  can recombine, by the  in te n se  
e l e c t r i c  f i e l d  a t  the  ju n c t io n .  Thus the e le c t r o n  i s  e x t r a c te d  a t  the 
i l lu m in a te d  anode and the hole  d r i f t s  through the  bulk o f the  c r y s t a l  
wherein i t  may undergo t ra p p in g  and d e tra p p in g  b e fo re  reach ing  the  
cathode. C le a r ly ,  the  f r e e  hole  d e n s i ty  w i l l  be m ainly l im ite d  by 
the ex te n t  o f  t ra p p in g  in  the  bu lk . This being a f i r s t  o rder  p ro cess ,  
i t  fo llow s t h a t  i f  n+ = n_ = T\I^, the  c u r re n t  d e n s i ty  , w i l l  be 
p ro p o r t io n a l  to  th e  in c id e n t  l i g h t  i n t e n s i t y  when the  l i g h t  of wave­
le n g th  X  i s  absorbed ex trem ely  c lo se  to  the  s u r fa c e .  On the  o th e r  
hand i f  the  w avelength  of the  e x c i t in g  l i g h t  i s  such t h a t  the  l i g h t  
i s  ab le  to  p e n e t r a te  deeper in to  the  c r y s t a l  g iv in g  r i s e  to  p a i r  pro­
duc tio n  in  the d e p le t io n  re g io n ,  the  l e s s  e n e r g e t ic  e le c t r o n s  w i l l  
no t be ab le  to  go over th e  b a r r i e r  and w i l l ,  th e r e f o r e ,  have to  remain 
in  t h i s  re g io n .  As one consequence, the  r a t e  of recom bination between 
the  f re e  charge c a r r i e r s  may dominate the l im i t in g  k i n e t i c s  fo r  the 
f r e e  charge c a r r i e r  d e n s i t i e s  in  th e  c r y s t a l .  In  t h i s  case , th e  square 
of the  f r e e  e le c t ro n -h o le  p a i r  d e n s i ty  w i l l  be p ro p o r t io n a l  to  the  
l i g h t  i n t e n s i t y  and th e r e f o r e ,  w i l l  be p ro p o r t io n a l  to  the square 
ro o t  o f  l i g h t  i n t e n s i t y .  The observed in c re a se  o f the  exponent, m, 
of the l i g h t  i n t e n s i t y  w ith  the  in c re a se  in  the  v o l ta g e  ap p lied  across  
the  c r y s t a l  may be reasonab ly  a t t r i b u t e d  to  the  d ecrease  of the f ree  
e le c t r o n  c o n c e n tra t io n  in  the  d e p le t io n  la y e r  due to  th e  lowering of 
the p o t e n t i a l  b a r r i e r  by the ap p lied  v o l ta g e .  The r a t e  of recombina­
t i o n  may then become l e s s  im portant compared to  the  r a t e  o f  t ra p p in g .
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Thus th e  dependence of on l i g h t  i n t e n s i t y  may be expected to  change 
over from a square  ro o t  to  a l i n e a r  dependence w ith  in c re a s in g  ap p lied  
v o l ta g e .
C . .. W avelength Dependence of P h o to cu rren t
The Polyphenyls: The photoconduction  a c t io n  s p e c t ra  o f  the
polyphenyls  a re  shown in  F ig . 9. I t  i s  noted t h a t  in  the  s e r i e s :  
b ipheny l,  m -te rp h en y l,  £ - te rp h e n y l ,  £ -q u a r te rp h e n y l ,  the  photocon­
duc tion  peaks su c c e ss iv e ly  s h i f t  toward the  re d .  With the  ex cep tion  
of b ip h en y l ,  the  p h o to cu rren t  d e n s i t i e s  in c re a se  in  the  same o rd e r .
The a b s o rp t io n  of the  in c id e n t  l i g h t  by the  t i n  d io x id e  f i lm  makes 
i t  d i f f i c u l t  to  lo c a te  a c c u r a te ly  the  photoconduction  peaks. The red 
s h i f t ,  however, appears  to  be r e a l .  The "photoconduction  th re sh o ld "
( i .  e . ,  th e  wavelength o f the  e x c i t in g  l i g h t  a t  which a f a i r l y  ab rup t 
r i s e  in  th e  p h o to cu rren t  i s  observed on the  long-w avelength  s id e  of 
the photoconduction  peak) s h i f t s  in  the  same d i r e c t i o n  as the observed 
photoconduction  peaks . The d isp lacem ent of the  photoconduction  band 
toward th e  red in  th e  s e r i e s :  b ip h e n y l ,  £ - te rp h e n y l ,  £ -q u a r te rp h e n y l
agrees  w ith  the  g e n e ra l ly  expected  d i r e c t io n  of s h i f t  of the  abso rp ­
t io n  bands in  th e  same s e r i e s .  The red s h i f t  o f  th e  photoconduction  
band of m -terpheny l r e l a t i v e  to  t h a t  o f  the b iphenyl i s  q u i te  i n t e r ­
e s t in g  s in c e  bo th  o f  th ese  compounds in  s o lu t io n  show a s in g le  abso rp ­
t io n  band which peaks a t  250 m(j,. This o b s e rv a t io n  su g g es ts  t h a t  the 
fundamental a b so rp t io n  band of m -terpheny l undergoes a g r e a t e r  red 
s h i f t  i n  going from s o lu t io n  to  c r y s t a l  than  t h a t  o f  the  b ip h en y l,  
which i s  no t unexpected in  view o f  the  h ig h e r  t r a n s i t i o n  moment of 
the m -terpheny l s p e c ie s .
In  so f a r  a s  the  s e r i e s :  m -te rp h en y l,  £ - te rp h e n y l ,  £ - q u a r t e r -
phenyl i s  concerned i t  may be concluded th a t  the  in c re a s in g  e x t in c t io n  
c o e f f i c i e n t  o f  the  e x c i t a t i o n  to  the  f i r s t  s i n g l e t  e x c i te d  s t a t e  and 
the in c re a se  of in t ra m o le c u la r  i n t e r a c t i o n  enhance the p h o to s e n s i t i v i t y  
o f th e se  m a te r i a l s .  The la rg e  c u r re n t  d e n s i ty  observed fo r  the  b iphenyl 
i s  most p robab ly  due to  some e x t r i n s i c  f a c t o r s ,  one o f  which would be 
the  space charge c h a r a c t e r i s t i c s  o f th e  v s .  V curves d iscu ssed  p re ­
v io u s ly .
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A nthracene, Rubrene and T e trap h en y lb u tad ien e :  F ig ,  10 shows the
photoconduction  a c t io n  spectrum  o f  an th racene  and the  b -p o la r iz e d  
a b so rp t io n  spectrum  of th e  c r y s t a l .  The p h o to cu rren t  s p e c t r a l  r e ­
sponse curve rem ains p r a c t i c a l l y  f l a t  between 480 and 445 m|j,,and 
c o n ta in s  th re e  main peaks ; th e  most in te n se  one i s  a t  400 m(JL, the  
l e a s t  in te n se  one i s  a t  375 my, and the  one o f  in te rm e d ia te  i n t e n s i t y  
shows a s p l i t t i n g ,  peaking a t  355 and 345 m|j,. The r e l a t i v e l y  high 
p h o to s e n s i t iv e  reg io n  spans th e  w avelength  range 445 to  320 mp,, a 
band spread covering  th e  whole wavelength range o f  the  fundamental
a b so rp t io n  band o f  th e  c r y s t a l .  The peaks o f  the  b -p o la r iz e d  absorp-
— 27
t i o n  spectrum  of th e  c r y s t a l  re p o r te d  by C raig  and Hobbins a re  a t
393.1 , 373.5 , and 352.9 mp,. The main peaks in  the  photoconduction
a c t io n  spectrum a re  compared w ith  the  peaks o f the  c r y s t a l  ab so rp t io n
spectrum in  Table I I .  I t  i s  seen t h a t  th e  photoconduction  maxima
are  s h i f t e d  toward lo n g er  w avelength  r e l a t i v e  to  the  corresponding
maxima in  th e  a b so rp t io n  spectrum . A s im i la r  o b se rv a tio n  was r e -
28ported  f o r  sandwich c e l l s  by Compton, Schneider and Waddington
29and by Kommandeur. The above a u th o r s ,  fu r th e rm o re ,  re p o r te d  t h a t
the  maxima in  the  photoconduction  a c t io n  spectrum  correspond to  the
minima o f th e  c r y s t a l  a b s o rp t io n  spectrum and v ic e  v e r s a .  The r e s u l t
shown in  F ig .  10 i s  no t e n t i r e l y  in  accord w ith  th e  l a s t  s ta tem en t.
In  F ig .  10 the  minima o f the  s p e c t r a l  response curve do no t co inc ide
30w ith  the  maxima of the  a b s o rp t io n  curve . On the  o th e r  hand, K epler , 
u s ing  a s im i la r  e le c t r o d e  arrangement but w ith  pulsed e x c i t a t i o n ,  ob­
ta in e d  a photoconduction  a c t io n  spectrum  which reproduced th e  abso rp ­
t i o n  spectrum o f  th e  c r y s t a l  and a p h o to cu rren t  which was l i n e a r  w ith  
l i g h t  i n t e n s i t y .  Using " su r fa c e  c e l l s "  ( i .  e . ,  c e l l s  in  which the
^ D .  P. C raig  and P. C. Hobbins, J .  Chem. Soc. . 2309 (1955).
28 1D. M. J .  Compton, W. G. Schneider and T. C. Waddington,
J .  Chem. Phys. .  27, 160 (1957).
29J .  Kommandeur, Ph. D. D i s s e r t a t io n ,  U n iv e rs i ty  of Amsterdam, 
February  19, 1958.
30
R. G. K ep ler ,  Phys. Rev. ,  119, 1226 (1960).
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Fig. 10. (a)  Photoconduction A ction  Spectrum o f  Anthracene
(b) ^ -P o la r iz e d  C ry s ta l  A bsorp tion  Spectrum
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Comparison of Photoconduction and A bsorption  Peaks
Main Photoconduction C ry s ta l  A bsorption  Peaks Red S h if t
Peaks
°  _ i  o  _ 1  _1












31c u r r e n t  i s  measured a lo n g  th e  s u r f a c e  of  t h e  c r y s t a l )  Lyons and
32C arsw e l l  and Lyons o b ta in e d  pho to co n d u c t io n  a c t i o n  s p e c t r a  which 
reproduced  th e  a b s o r p t i o n  spec t rum  o f  t h e  c r y s t a l .  Fu r therm ore  
a lmos t  a l l  a u t h o r s  f i n d  t h a t  t h e  p h o t o c u r r e n t  i n  s u r f a c e  c e l l s  i s  
l i n e a r  w i th  l i g h t  i n t e n s i t y .
The above o b s e r v a t i o n s  a r e  no t  e n t i r e l y  unex p ec ted ;  however, 
th e  q u a n t i t a t i v e  i n t e r p r e t a t i o n s  o f  t h e s e  o b s e r v a t i o n s  a r e  r a t h e r  
d i f f i c u l t .  The d i s c u s s i o n  w i l l ,  t h e r e f o r e ,  be a q u a l i t a t i v e  one.
I t  i s  u s u a l  t o  d e f i n e  the  s t e a d y  s t a t e  exce ss  charge  c a r r i e r  d e n s i t y ,
An(=n+ - n°  = n - n°)  by th e  e q u a t io n
An = Lt (25)
when th e  r a t e  o f  e l e c t r o n - h o l e  p a i r  g e n e r a t i o n ,  L, i s  un ifo rm th r o u g h ­
ou t  t h e  sample and T i s  t h e  l i f e t i m e  of  t h e  c a r r i e r s  i n  the  specimen.  
Le t  us suppose t h a t  th e  specimen i s  a r e c t a n g u l a r  p r i sm  w i th  a un i fo rm  
t h i c k n e s s ,  d ( - 2 A ) ,  between th e  two o p p o s i t e  p lane  s u r f a c e s ,  th e  dimen­
s io n s  o f  the  p la n e  s u r f a c e  b e in g  2B and 2C. Let i t  f u r t h e r  be assumed 
t h a t  a monochromatic r a d i a t i o n  i s  i n c i d e n t  normal to  one of  th e  p lane  
f a c e s  ( i .  e . ,  t h e  " f r o n t  s u r f a c e " )  and t h a t  I q i s  the  i n t e n s i t y  o f  the  
i n c i d e n t  r a d i a t i o n  d e f in e d  as  the  number o f  pho tons  i n c i d e n t  on a u n i t
a r e a  o f  t h e  s u r f a c e  p e r  u n i t  t im e .  I f  I  i s  the  i n t e n s i t y  in  t h e  mate ­
r i a l  and a  i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  r e c i p r o c a l  c e n t i m e t e r s ,  
th e  number o f  pho tons  abso rbed  pe r  u n i t  volume p e r  u n i t  t ime i s  ofl.
Thus i f  7] i s  th e  quantum e f f i c i e n c y  ( t h e  number o f  p a i r s  of f r e e  e l e c ­
t r o n s  and h o l e s  produced p e r  absorbed  p h o to n ) ,  t h e  r a t e  o f  g e n e r a t i o n ,  
L, i .  e . ,  th e  number o f  e l e c t r o n - h o l e  p a i r s  produced p e r  u n i t  volume 
p e r  u n i t  t ime i s  th e n  e q u a l  t o  T)al. The q u a n t i t y ,  I ,  i s  a com pl ica ted  
f u n c t i o n  o f  the  t h i c k n e s s ,  d ;  i f  d i s  so sm al l  t h a t  a d « l  t h e r e  w i l l  be 
i n t e r f e r e n c e  between th e  r a d i a t i o n  r e f l e c t e d  from the  f r o n t  and th e  
back s u r f a c e s  o f  the  sample i f  t h e se  s u r f a c e s  a re  p lane  and p a r a l l e l  
t o  each  o t h e r  and t h e r e f o r e ,  t h e  amount o f  absorbed  r a d i a t i o n  w i l l
L.E. Lyons,  J .  Chem. Phys . 23 . 220 (1955) .
32D .J .  C arsw e l l  and L. E. Lyons,  J .  Chem. Soc. . 1734 (1955) .
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v a ry  r a p id ly  w i th  w aveleng th . For our purpose , we s h a l l  assume th a t  
a d » l .  There b e in g ,  in  t h i s  case ,  no a p p re c ia b le  r a d i a t i o n  r e f l e c t e d  
from the  back su r fa c e  ( th e  su r fa c e  o p p o s ite  to  the  i l lu m in a te d  su rface )  
we may assume t h a t  I  may be expressed  simply by the  equa tion
I  = I q (1 - R0 ) e " " X (26)
where Rq i s  th e  r e f l e c t i o n  c o e f f i c i e n t  a t  th e  su rface  o f an i n f i n i t e l y  
th ic k  s la b  and x i s  the  d is ta n c e  from the  i l lu m in a te d  s u r fa c e .  Thus 
the r a t e  o f p a i r  p ro d u c tio n  i s  g iven  by the  eq u a tio n
L = *n»Io( l  - R0 ) e ' “ X (27)
We s h a l l  f u r t h e r  assume th a t  the  l i f e t i m e ,  t ,  i s  defined  by the  form ula:
1 /T = 1 / t q + s ( l /B  + 1/C) (28)
33which was der iv ed  by Shockley. In  Eq. (2 8 ) ,  tq i s  the  bulk  l i f e ­
tim e, s i s  the  su rface  recom bination  v e l o c i t y  and B and C a re  th e  c ro ss -
s e c t io n a l  d im ensions.
In  su rfa c e  type c e l l s  the  re g io n  between the  e le c t ro d e s  i s  usu­
a l l y  un ifo rm ly  i l lu m in a te d .  From Eq. (1 8 ) ,  th e  r a t e  o f  su rface  genera­
t i o n  i s
L = T)al (1 - R ) (29)s ^  o o '
and from Eq. (28) i f  the  v e l o c i t y  o f su rfa c e  recom bination  i s  l a rg e ,
the  l i f e t im e  i s  approx im ate ly
T «  1 / s ( l /B  + 1/C) (30)s
where T g i s  now the  l i f e t im e  of th e  c a r r i e r s  a t  the  s u r fa c e .  Eq. (25)
becomes
= H*IoU  -  Ro) ts (31)
Shockley, "E lec tro n s  and Holes in  Sem iconductors," 
Van N ostrand, New York (1950) p. 318.
45
and s in c e ,  th e  su rface  p h o to c u r re n t  i s  p ro p o r t io n a l  to  Ang i t
i s  e a s i l y  seen from Eq. (31) t h a t  the photoconduction a c t io n  spectrum 
w i l l  reproduce the  a b so rp t io n  spectrum o f  the  c r y s t a l .  In  th e  case 
of a  sandwich type c e l l  where most of th e  c u r re n t  a r i s e s  from charge 
c a r r i e r s  moving through the bulk  of th e  m a te r ia l ,  we need an e x p re ss ­
ion  fo r  An which tak es  in to  account th e  non-un ifo rm ity  o f  the  r a t e  of
3 4c a r r i e r  g e n e ra t io n  as expressed by Eq. (2 7 ) .  According to  Smith the  
excess  c a r r i e r  d e n s i ty  i s  given by the  equation
An = [Kto/(c*2 6 2 -1 ) ]  < [ ( « 6 2  + s t q ) / ( 6  + s t q ) ]  e " x 6  -  e " a x > (32)
In  eq . (32) and Eq. (3 3 ) ,  K = T|arIo (1 " RQ) » q i s  the  e l e c t r o n i c  charge, 
W i s  the w id th  o f  the sample, 6  i s  the  d i f f u s io n  le n g th  o f the  h o le s ,
o f th e  symbols a re  as p re v io u s ly  d e f in e d .  In  the l i m i t  as or -* »  the  ex­
p re s s io n s  f o r  the  c u r re n t  becomes
produced c a r r i e r s  w i l l  recombine m ainly a t  the su rface  i f  they  a re  
c rea ted  a t  a d is ta n c e  l e s s  than  6  from the  su rfa c e ,  w h ile  i f  th ey  a re  
formed a t  a d is ta n c e  g r e a te r  than  6 , th ey  w i l l  recombine m ainly in  the
and the  p h o to c u r re n t ,  J ^ ,  i s  obta ined  by in te g ra t in g  w ith  r e s p e c t  to  
x , i .  e .
(33)
= [q11W6IoToM,+ ( l  + b) ( 1  - RQ ) / ( 6  + s t q ) ] E [ 1  +  ( s t o / 6 ) / ( 1  + a 6 ) ]
b(= p, / \ i  ) i s  th e  r a t i o  o f  the e l e c t r o n  and ho le  m o b i l i t i e s  and the  r e s t
"  4*
V  - ‘WWoVt*1 + b)<1 • V E/<6 + STo> (34)
J  may, t h e r e f o r e ,  be expressed in  terms of J  by means of the  equa tion
(Jp/J poo) = 1 +  ( s t o / 6 ) / ( 1  +  0f6) (35)
We no te  t h a t  i f  s t  »  6 ,  J  w i l l  in c re a se  r a p id ly  as a  d ec rease s  s u f f i -
o  P
c i e n t l y  t o  m a k e  O' sa 6 , t h e  r e a s o n  b e i n g  t h a t  w h e n  s t q »  6 t h e  p h o t o -
34R. A. Smith, "Sem iconductors ,"  Cambridge U n iv e rs i ty  P ress  
(1959) p .  310.
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b u lk  o f  th e  c r y s t a l  and t h e i r  l i f e t i m e  w i l l  be co rresp o n d in g ly  lo n g e r .  
Thus in  th e  case when where a ^inav i s  the  a b so rp t io n
c o e f f i c i e n t  a t  th e  peak o f  the  a b s o rp t io n  band, o^m i s  th e  ab so rp tio n  
c o e f f i c i e n t  which i s  of th e  o rd e r  o f  6  * and a . i s  the  a b s o rp t io n  co-
A x
e f f i c i e n t  corresponding  to  some w avelength  o f e x c i t a t i o n  on bo th  s id e s  
o f the  a b s o rp t io n  peak, we would expect the corresponding  s t r u c tu r e  in  
th e  photoconduction  a c t io n  spectrum to  be broadened w ith  peaks a t  wave­
le n g th s  in  the  v i c i n i t y  o f  These peaks w i l l  be sep a ra ted  by a min­
imum a t  th e  wavelength co rresponding  to  Xmax in  th e  a b so rp t io n  spectrum 
when the  a b so rp t io n  band i s  symm etrical about the  a b so rp t io n  peak.
These ded u c tio n s  appear to  s u i t a b ly  e x p la in  t h a t  p a r t i c u l a r  s t r u c tu r e  
o f  th e  photoconduction  a c t io n  spectrum  which corresponds to  the  ab­
s o rp t io n  peak a t  352 .9mp, in  F ig .  10. We no te  t h a t  the  s t r u c tu r e  i s  
s p l i t ,  peaking a t  355 and 340 mp, and the  minimum between the  two peaks 
co in c id e s  w ith  th e  maximum of th e  a b s o rp t io n  peak. The s t r u c tu r e s  of 
th e  photoconduction  a c t io n  spectrum in  the wavelength  range, 400 mp, i  
X £: 360 mp, a re  a l l  s h i f t e d  towards the red w ith  r e s p e c t  to  the  c o r re ­
sponding s t r u c tu r e s  in  th e  a b so rp t io n  spectrum. I t  may acco rd in g ly  
be concluded t h a t  the  f r e e  c a r r i e r  d e n s i ty  r e s u l t i n g  from e x c i t a t i o n  
w ith  l i g h t  w i th in  t h i s  w avelength  range , w i l l  be l im i te d  m ainly by 
th e  r a t e  o f  recom bination  a t  th e  s u r f a c e .  In  accord w ith  the  l i n e a r  
dependence o f the  p h o to c u r re n t  on l i g h t  i n t e n s i t y  (see  Table I  fo r  
\  = 390 mp,) i t  may be concluded (provided  th a t  the  su rface  recombina­
t i o n  i s  "b im o lecu la r" )  t h a t  charge c a r r i e r  g e n e ra t io n  a t  th e  su rface  
i s  b ip h o to n ic .
The p h o to c u r re n t  fo r  X = 420 mp, i s  approxim ate ly  p ro p o r t io n a l  
to  th e  square ro o t  o f  l i g h t  i n t e n s i t y .  I t  i s ,  however, d o u b tfu l  th a t  
the  p ro cess  o f  c a r r i e r  g e n e ra t io n  r e s u l t i n g  from e x c i t a t i o n  w ith  mono­
chrom atic  l i g h t  a t  420 mp, i s  i n t r i n s i c  ( i .  e . ,  e le c t r o n -h o le  p a i r s  
a re  produced by the  e x c i t a t i o n  o f the hos t  c r y s t a l ) .  The lead in g  edge 
on the  long-w avelength  s id e  of th e  a b so rp t io n  spectrum of an an thracene 
sandwich c e l l  shown in  F ig .  10c shows a hump between 420 and 410 mp,. 
Th is  hump may be due to  the  p resence  o f  im p u r i t i e s .  The im p u rity  mole-
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cu le s  were probably anthraquinone and /o r  naphthacene m olecu les; the
former could have been formed from th e  o x id a t io n  o f  an thracene  in  the
p ro cess  o f m elting  d u r in g  the  p r e p a ra t io n  o f the  sandwich c e l l .  The
photoconduction peak a t  425 mp, p robably  corresponds to  t h i s  hump.
Kommandeur a l s o  found a photoconduction peak a t  425 mp, f o r  c r y s t a l s
which were 1 to  4 mm th ic k  but only  when th e  i l lu m in a t io n  was made
35through  the  n eg a tiv e  e le c t ro d e ;  The r e l a t i v e l y  poor r e s o lu t io n  of 
the  photoconduction peaks when the i l lu m in a te d  s id e  was p o s i t iv e  com­
pared to  the  r e s o lu t io n  of the peaks when th e  s id e  i l lu m in a te d  was 
n eg a tiv e  and which may be deduced from F ig .  20 o f  h is  d i s s e r t a t i o n  i s  
p robably  the  more c o r r e c t  ex p la n a t io n  o f why the  425 mp, peak was no t 
d e te c te d  du r in g  h is  experim ents  when the  c e l l  was i l lu m in a te d  through 
the  p o s i t iv e  e l e c t r o d e .  The photoconduction  a c t io n  spectrum dep ic ted  
in  F ig .  10a was ob ta ined  from a 30 p, th ic k  c r y s t a l  of an th racene  when 
the  i l lu m in a te d  s ide  was p o s i t i v e .  The b e t t e r  r e s o lu t io n  of th e  pho­
toconduction  peaks i s  l a rg e ly  due to  the g r e a te r  ga in  i n  s e n s i t i v i t y  
which i s  r e a l i z a b le  f o r  th in n e r  c r y s t a l s ,  th e  g a in  being in v e r s e ly  pro­
p o r t io n a l  to  the  th ic k n e ss  o f the  photoconductive m a te r ia l .  I t  i s  n o t ,  
however, uncommon to  f ind  s t r u c tu r e s  in  the  photoconduction a c t io n  spec­
trum a t  wavelengths which appear to  be beyond the  long-w avelength edge 
of th e  c r y s t a l  ab so rp t io n  spectrum. S im ila r  s t r u c tu r e s  a re  ev id en t  in  
the photoconduction a c t io n  spectrum of rubrene and te tra p h e n y lb u ta d ie n e .
The photoconduction a c t io n  spectrum of rubrene i s  shown in  F ig .  
11a and b. F ig .  11a shows the  photoconduction , f lu o re scen ce  and ab­
s o rp t io n  s p e c t ra  a s so c ia te d  w ith  the  f i r s t  e l e c t r o n ic  t r a n s i t i o n  while 
those  corresponding to  the  h ig h e r  e l e c t r o n i c  t r a n s i t i o n s  a re  shown in  
F ig .  l i b .  The photoconduction a c t io n  spectrum o f  rubrene was taken  
from two d i r e c t io n s ;  one coming from the red  and going toward the  blue 
and the  o th e r  in  the re v e rse  d i r e c t io n .  The a n a ly s is  o f  the spectrum 
i s  shown in  Table I I I .  A s t r u c tu r e  i s  c a l le d  apparen t i f  i t  i s  d i s ­
p laced  from i t s  p rev ious  p o s i t io n  and r e a l  i f  no d isp lacem ent i s
35Kommandeur, o£. c i t .
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F ig .  11. (a) Photoconduction A ction  Spectrum o f  Rubrene and I t s
F luorescence and A bsorp tion  S pectra
(b) Photoconduction A ction  and A bsorption  S pec tra  A ssocia ted  
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TABLE I I I
S t ru c tu re s in  th e  A ction  Spectrum of Rubrene
- 1
v cm D e sc r ip t io n Remarks
16.540 peak apparent
16,800 peak apparent
17,098 peak re v e rse s
17,760 ± 50 peak r e a l
17,400 shoulder r e a l
18,160 p la te a u r e a l
18,720 ± 50 peak r e a l
19,640 ± 50 peak r e a l
20,400 shou lder doub tfu l
21,740 hump apparent
24,000 hump r e a l
25,080 ± 100 peak r e a l
27,000 ± 1 0 0 hump r e a l
27,880 ± 1 0 0 peak r e a l
29,840 hump r e a l
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observed. Correspondence between th e  r e a l  peaks and those  o f  the  ab­
so rp t io n  spectrum i s  shown in  Table IV w ith  th e  g r a p h ic a l ly  c a lc u la te d  
red  s h i f t s .  I t  i s  noted t h a t  the  r e a l  photoconductive  peaks in  F ig .
11a a re  d isp la c e d  toward th e  red by approxim ate ly  1500 cm” *" w ith  re sp e c t  
to  th e  main a b so rp t io n  band of th e  m a te r ia l  in  s o lu t io n .  The s t r u c tu r e s  
o f  the  photoconduction spectrum in  F ig .  l i b  which presumably a re  asso ­
c ia te d  w ith  the  e x c i t a t i o n  o f h ig h e r  e l e c t r o n i c  s t a t e s  a re  s h i f t e d  ap­
p rox im ately  by 6000 cm Red s h i f t s  of t h i s  o rder  in  the ab so rp t io n  
spectrum o f  o rg an ic  substances  in  going from s o lu t io n  to  c r y s t a l  a re  
n o t  un reasonab le . There i s  a v e ry  s t r i k i n g  s i m i l a r i t y  between the  ap­
p a re n t  s t r u c tu r e s  o f  the  photoconduction a c t io n  spectrum below 17.500 
cm  ̂ and th e  f lu o re scen ce  spectrum. The apparen t peaks a t  16,540 and 
16,800 cm seem to  be r e l a t e d  to  th e  f lu o re scen ce  peaks a t  16,944 and 
18,210 cm . The a b so rp t io n  and f lu o re scen ce  peaks a re  shown in  Table V.
I t  i s  a lso  i n t e r e s t i n g  to  no te  t h a t  the  photoconduction  a c t io n  spectrum 
i s  s i g n i f i c a n t l y  enhanced and broadened when the  a c t io n  spectrum i s  de­
termined by v a ry in g  the  wavelength o f  the e x c i t in g  r a d i a t io n  from s h o r te r  
to  longer w avelengths .
In  F ig .  12 a re  shown the  photoconduction  a c t io n  spectrum of a 
40 micron th i c k  c r y s t a l  o f  tetraphenylbutadiene and th e  ab so rp tio n  spec­
trum o f  the m a te r ia l  in  s o lu t io n  in  n-hexane. While th e re  a re  no s t r u c ­
tu re s  observab le  in  the  s o lu t io n  spectrum, th e re  appears  a la rg e  number 
o f  s t r u c tu r e s  in  th e  photoconduction  a c t io n  spectrum. The s p l i t t i n g  of 
the  main photoconduction  band ( i . e . ,  the  one between 24,750 - 35,000 cm ) 
i s  probably  due to  the e f f e c t  o f  a  la rg e  r a t e  of su rface  recom bination 
which was p re v io u s ly  d iscu ssed  in  connection  w ith  the  photoconduction 
peak in  the an th racene  photoconduction  spectrum. I f  t h i s  were th e  case 
the  a b so rp t io n  maximum o f  te t ra p h e n y lb u ta d ie n e  in  th e  c r y s t a l l i n e  s t a t e  
w i l l  be lo ca ted  a t  27,450 cm Since the  a b so rp t io n  maximum in  so lu ­
t i o n  i s  a t  29,087 cm  ̂ t h i s  would re p re s e n t  a red s h i f t  of 1,637 cm * 
o f  the  ab so rp tio n  peak in  going from s o lu t io n  to  the  c r y s t a l l i n e  s t a t e .
The photoconduction peaks a t  22,200 and 24,100 cm” a re  p robably  due 
to  the  p resence o f im purity  in  the  c r y s t a l .
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TABLE IV
P o s tu la te d  Correspondence o f  Peaks in
S o lu tio n  Spectrum Action Spectrum
t  " I s  /  “ I n(cm ) (cm )
18,934 17,760 ± 50
20,278 18,720 ± 50
21,639 19,640 ± 50
22,825 hump from 20,400
to  21,500
24,000
25,080 ± 100 
33,103 27,000 ± 100
27,880 ± 1 0 0  
29,840
Rubrene
Red S h i f t  
(cm-1 )
1,174 ±  50 
1,558 ± 50 
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CHAPTER IV
PHOTOCONDUCTION UNDER PULSED ILLUMINATION
A pulse  techn ique  which was f i r s t  used s u c c e s s fu l ly  by Yamakawa^ 
f o r  measuring m o b i l i t i e s  o f charge c a r r i e r s  and which w i l l  be r e fe r r e d  
to  as th e  " c ry s ta l  c o n d u c t iv i ty  coun te r  method" was u t i l i z e d  p r im a r i ly  
fo r  the  measurement of d r i f t  m o b i l i t ie s  o f  h o le s ,  |X+, and e le c t r o n s ,  p, , 
i n  sandwich c e l l s  of an thracene  and te tra p h e n y lb u ta d ie n e .  In  a d d i t io n ,  .. 
th e  method was used a l s o  to  ev a lu a te  charge c a r r i e r  l i f e t im e  and quantum 
y ie ld s ,  and to  s tudy  the v a r i a t i o n  o f p h o to cu rren t  w ith  v o l ta g e ,  l i g h t  
i n t e n s i t y ,  wavelength o f  in c id e n t  l i g h t  and tem pera tu re .
A. P r in c ip le  o f  the Method
The c r y s t a l  i s  mounted in  a sandwich arrangement between two 
p a r a l l e l  e le c t ro d e  p l a t e s ,  one (o r  both) o f  which i s  ( a re )  t r a n s p a re n t ,  
and a c o l l e c t in g  v o l ta g e  i s  ap p lied  to  a s e r i e s  combination o f  a r e ­
s i s t o r  and the c r y s t a l .  A short p u lse  o f s t ro n g ly  absorbed r a d ia t io n  
s t r i k e s  the t r a n s p a re n t  e le c t ro d e  and g en e ra te s  charge c a r r i e r s  a t  the 
c r y s t a l  s u r fa c e ;  th ese  c a r r i e r s  a r e  then d isp la c e d  by the  e l e c t r i c  f i e l d .  
This  d isp lacem ent of c a r r i e r s  induces a charge on the  e le c t ro d e s  and th e  
r e s u l t i n g  v o ltag e  pu lse  i s  am plif ied  and d isp lay ed  on an o s c i l lo s c o p e .
The time constan t o f  the  ou tpu t c i r c u i t  i s  made la rg e  compared w ith  the  
d u ra t io n  of the  photoconductive t r a n s i e n t  so t h a t  the c i r c u i t  a c t s  as 
an  in t e g r a to r .  A schem atic diagram of t h i s  c i r c u i t  i s  given in  F ig . 13.
A c o l le c t in g  v o l ta g e ,  Vc , i s  ap p lied  ac ro ss  the c r y s t a l .  The cap ac itan ce  
Ĉ , r e p re s e n ts  the  combined c a p a c i ty  of c r y s t a l ,  le a d s ,  p re a m p l if ie r  in p u t ,  
e t c .  The charge c a r r i e r s  genera ted  a t  the  i r r a d i a t e d  su rface  a re  drawn 
in to  the  bulk , thus  inducing  a charge q on the e le c t r o d e s .  Under condi­
t io n s  of la rg e  in p u t  time c o n s ta n t ,  a corresponding  v o ltag e  p u lse  
v  = q/CT i s  produced a t  the  a m p l i f i e r  in p u t .
*K. A. Yamakawa, Phys. Rev. . 82. 522 (1951)*
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F ig .  13. Schematic of Arrangement Used in  the  Study o f Pulsed 
P h o to co n d u c tiv i ty .
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The time dependence o f th e  charge p u lse  q ( t )  i s  d e riv ed  by 
making th e  fo llo w in g  assum ptions:
( 1 ) th a t  n^ charge c a r r i e r  p a i r s  a re  gen era ted  in s ta n ta n e o u s ly
a t  tim e t  = 0  a t  th e  illu m in a te d  su rfa c e  v ery  n ea r th e  e le c tro d e , x = 0 ;
(2) th a t  a uniform  e l e c t r i c  f i e ld  E = V£/d  e x i s t s  in  the  c r y s ta l
where d i s  the c r y s ta l  th ic k n e s s ;  and
(3) th a t  th e re  i s  a uniform  d e n s ity  of t r a p s  throughout the 
c r y s ta l  g iv in g  r i s e  to  an average tim e t  = (ovNfc)  ̂ b e fo re  tra p p in g ;
ct i s  the tra p p in g  c ro s s - s e c t io n ,  v i s  th e  average c a r r i e r  v e lo c i ty  and 
Nfc i s  the t r a p  d e n s ity .  The average d is ta n c e  the  charge c a r r i e r s  d r i f t  
b e fo re  tra p p in g  (Schubweg, tu) i s  g iven  by uj = p,ET where p, i s  the  m obil­
i t y  o f the  charge c a r r i e r .
W ith th e se  assum ptions we may w r ite
q ( t )  = (n^etu/d) (l-exp[-p ,E t/o )]) (36)
which i s  a p p lic a b le  fo r  tim es t  £ d/p,E. This can be r e w r i t te n  as
q ( t )  = ( n Qe E | j i T / d ) ( l - e x p [ - t / T ] )  (37)
For tim es g r e a te r  than  d/p,E
Q = (nQeu)/d) (l-exp [-d /cu ) (38)
For th e  case  th a t  t i s  v e ry  la rg e  compared to  t ,  Eq. (37) becomes
q ( t )  = nQep,Et/d (39)
Hence, the  charge p u lse  has an approx im ate ly  l in e a r  r i s e  u n t i l  a time
t  = d/p,E correspond ing  to  the  c o l le c t io n  of n^ charge c a r r i e r s .  The
measurement of th e  tim e t  a llow s one to  compute th e  d r i f t  m o b ility  
from the r e l a t io n
» = d /E tt r  (40)
Even i f  tra p p in g  i s  im p o rtan t, a b reak  o r d is c o n t in u i ty  occurs a t  
tim e t  p rovided  only th a t  a f r a c t io n  o f the  charge c a r r i e r s  reach
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th e  co u n te r e le c tro d e .  Using s e n s i t iv e  e le c t r o n ic  d e te c t io n  in s t r u ­
m ents, th e  t r a n s i t  tim e can be a c c u ra te ly  de term ined . Thus the  a n a l­
y s is  o f th e  p u lse  shapes lead s  to  v a lu e s  o f th e  d r i f t  m o b ili ty , and 
may y ie ld  l i f e t im e s  o f charge c a r r i e r s  from which th e  quantum y ie ld  
may be ev a lu a ted  and th e  k in e t ic s  o f p h o to cu rren t g e n e ra tio n  s tu d ie d .
In  p r a c t i c e ,  however, t h i s  has to  be m odified  because the  e x c i ta t io n  
i s  n o t in s tan ta n e o u s  and th e  f la s h  has a f i n i t e  t a i l .  This a sp e c t has
i t  can be seen th a t  th e  dependence o f th e  p u lse  h e ig h t on the  ap p lied  
f i e ld  g iv es  a measure o f th e  Schubweg p e r u n i t  f i e ld ,  u)q. In  th e  sim ple 
tra p p in g  model u)q = [XT, and a method i s  provided fo r  l i f e t im e  e v a lu a tio n s . 
A l te r n a t iv e ly ,  t h i s  g iv es  an independent check on ^ i f  t  i s  known. The
where A i s  a co n s tan t independent o f V, th e  ap p lied  v o lta g e  a c ro ss  the
c r y s t a l .  Eq. (42) p r e d ic ts  th a t  v„ w i l l  be l in e a r  w ith  v o lta g e  fo r  low
3
v o lta g e s  and w i l l  s a tu r a te  a t  h igh  v o l ta g e s .  T his v o l t a i c  b ehav io r o f 
Vg w i l l  be re fe r re d  to  as"H echt b e h a v io r ."  I f  the  range can be d e te r ­
mined from s a tu r a t io n  d a ta  w herein  i t  can be assumed th a t  e s s e n t i a l ly  
a l l  o f  th e  charge c a r r i e r s  produced a re  p u lle d  through th e  c r y s ta l ,  i t  
i s  p o s s ib le  to  compute th e  quantum e f f ic ie n c y ,  7), d efin ed  as th e  number 
o f conduction  charge c a r r i e r s  re le a se d  in to  bu lk  per absorbed quantum.
In  o rd e r to  analyze  th e  p u lse s  Eq. (36) i s  r e w r i t te n  as
fo llo w s:
(41)
2
been d iscu ssed  in  d e t a i l  by M ichel. From th e  eq u a tio n s  g iven  above
peak p u lse  h e ig h t v_ i s  g iven  by
Vg = A V (l-exp[-d 2 /u)QV]) (42)
2 A. E. M ichel, Phys. Rev. , 121. 968 (1961).
3 K. H echt, Z. P h y sik . 77, 235 (1932).
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B. E xperim ental
F ig . 13 g iv es  the  schem atic  diagram  o f th e  e le c t r o n ic  a rra n g e ­
ment used to  s tudy  th e  t r a n s ie n t  p h o to c o n d u c tiv ity  in  o rg an ic  c r y s ta l s .
The sam ples f o r  s tu d y  were p repared  as  d e sc rib e d  p re v io u s ly . The c ry s ­
t a l s  were illu m in a te d  u s in g  two d i f f e r e n t  l i g h t  so u rces . A m odified
6 . R. type 1531A S tro b o tac  having a  f la s h  d u ra tio n  of 1 .5  |xsec and a
9
t o t a l  photon ou tp u t o f  2 . 2  x 1 0  p e r  f la s h  cen te red  a t  402 mp, was used 
fo r  c a r r i e r  g e n e ra tio n  w ith  s tro n g ly  absorbed l i g h t .  F or the s tudy  o f 
t r a n s ie n t s  w ith  weakly absorbed l i g h t ,  an E dgerton , Germeshausen and 
G r ie r ,  I n c . ,  M ic ro flash  u n i t ,  model 549, w ith  a f la s h  l i f e t im e  of 
0.57 u see  and an ou tp u t o f 7 jo u le s  p er f la s h  was used . S u ita b le  
Corning g la s s  f i l t e r s  were used to  l im i t  the  w avelength  o f th e  in c i ­
den t l i g h t  on th e  c r y s t a l .  A Perkin-E lm er U n iv ersa l Monochromator,
Model 83 w ith  q u artz  p rism , was employed in  the  study o f  photoconduct­
iv i t y  a c t io n  s p e c tra .  The e f f e c t s  o f  w avelength  and in t e n s i t y  o f i l ­
lum ination  were s tu d ie d  u sin g  a p p ro p ria te  com binations o f Com ing g la s s ,  
n e u tr a l  o p t ic a l  d e n s ity  sc reen s  and the  above monochromator. The d e te c ­
t io n  in s tru m en ts  co n s is te d  o f th e  T ek tro n ix  545A o sc illo sc o p e  w ith  type 
H and type D p lu g - in  u n i ts  and th e  T ek tro n ix  585 o sc illo sc o p e  w ith  type 
80 and type 82 p re a m p lif ie rs  and t h e i r  a s so c ia te d  a c c e s so r ie s  as  w ell 
as the  type 81 a d a p te r  in  co n ju n c tio n  w ith  the  l e t t e r e d  s e r ie s  o f Tek­
tro n ix  a m p lif ie r s  fo r  the measurement of s ig n a ls  of l e s s e r  i n t e n s i t i e s .
The cap ac itan ce s  were measured w ith  a  G. R. 1650 Impedance B ridge.
The photon ou tp u t o f the G. R. 1531A S tro b o tac  was c a lc u la te d
from th e  in te g ra te d  ou tp u t o f a 1P28 p h o to m u ltip lie r  tu b e . The g a in
4
of the  tube was measured and found to  be 2 .5  x 1 0  a t  an o p e ra tin g  v o l t ­
age of 1130 v o l t s .  The pho to -cathode e f f ic ie n c y  was 17% fo r  th e  range 
o f 300-400 mji. The t o t a l  photon o u tp u t was computed from
(100/17) ( C V ^ / e )  (1/G) (43)
where C = t o t a l  c a p a c ita n c e , V m a v  = t o t a l  p u lse  h e ig h t in  v o l t s ,  e = e le c ­
t ro n ic  charge in  coulombs and G = g a in  o f the  p h o to tu b e .
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The tem p era tu re  dependent m easurem ents were made u s in g  a modi­
f ie d  conduction  chamber en c losed  in  a P re c is io n  S c ie n t i f i c  oven provided 
w ith  a q u artz  window and a  th e rm o s ta tic  c o n tr o l .  The tem pera tu re  o f th e  
c e l l  was read  from a th e rm is to r  in  c o n ta c t w ith  th e  c e l l .
The an th racen e  was Eastman H480 from Eastman O rganic C hem icals, 
R ochester 3, New York. A nthracene grown from a m elt which i s  squashed 
between two q u a r tz  p la te s  u s u a lly  c r y s t a l l i z e s  w ith  i t s  0 0 1  face  p a r a l l e l  
to  the  q u artz  s u r fa c e s .  C onsequently , m o b i l i t ie s  quoted h e re in  a re  in  a 
d i r e c t io n  p e rp e n d ic u la r  to  th e  0 0 1  fa c e .
C. R esu lts  and D iscu ssio n
I t  i s  n ec e ssa ry  to  make a few p re lim in a ry  rem arks:
(1 ) A t o t a l  o f  25 an th racen e  c e l l s  have been s tu d ie d . Only th o se  r e s u l t s  
c h a r a c te r i s t i c  o f th e  g r e a te r  m a jo r i ty  o f c e l l s  made w i l l  be p re se n te d , 
and then  on ly  fo r  c e l l s  whose b eh av io r i s  " a v e ra g e ."
(2 ) The study w i l l  concern i t s e l f  p r im a r i ly  w ith  th e  m a jo rity  c a r r i e r s  
( i .  e . ,  h o le s ) .
(3 ) I t  w i l l  be assumed th a t  th e  p e n e tr a t io n  o f photons in to  th e  bu lk  of 
th e  c r y s ta l  i s  v e ry  s l i g h t ,  o r n e g l ig ib le ,  compared to  th e  th ic k n e ss  
d .
I f  one assumes th e  sim ple tra p p in g  model d iscu ssed  e a r l i e r ,  i t  
can be seen th a t  th e  p u lse  shape w i l l  be d e sc rib e d  by Eq. (4 1 ). A s e t  
o f  o sc illo sc o p e  t r a c e s  fo r  v a r io u s  a p p lie d  v o lta g e s  i s  reproduced in  
F ig . 14. In  th e  case o f v a r io u s  c e l l s ,  Ĉ , v a r ie d  from 200 - 300 p,p,F.
An exam ination o f the  p u lse s  shows th a t  th e  shapes a re  in  accord w ith  
th e o ry  only to  a f i r s t  ap p ro x im atio n . T h is t a i l  can be a t t r ib u te d  to  
a  d e trap p in g  p ro cess  due to  th e  p resence  o f shallow  t r a p s .  These t r a p s  
a r e  supposed to  r e t a i n  c a r r i e r s  f o r  a s h o rt p e rio d  a f t e r  th e  tim e of 
t r a n s i t  of th e  m a jo r ity  o f th e  c a r r i e r s  and then  r e le a s e  them in to  th e  
v a len ce  band g iv in g  r i s e  to  delayed  c o l le c t io n  a t  th e  co u n te r e le c tro d e .
In  the p re se n t in s ta n c e  th e  p u lse s  show a sharp  l in e a r  r i s e  only  a t  v e ry  
low f i e ld s .  At h ig h e r  v o lta g e s  the  p h o to c u rre n t p u lse s  t a i l  o f f  making 
i t  d i f f i c u l t  to  determ ine th e  t r a n s i t  tim e . M oreover, the  v a r ia t io n  o f
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F ig . 14. P h o to cu rren t p u lse s  in  an th racene  - c e l l  XXII. The S tro b o tac  
l ig h t  p u lse  i s  d o tte d  in  a t  l e f t .  The cap ac itan ce  CT was 
269 p f .  I r r a d ia t io n  was e f fe c te d  through Corning F i l t e r  C. S. 
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p u lse  h e ig h t w ith  a p p lie d  f i e ld  does n o t fo llo w  H e c h t's  e q u a tio n . In  
s p i te  o f  th e se  anom alies one can s t i l l  a r r iv e  a t  v a l id  co n c lu sio n s  
w ith  reg a rd  to  t r a n s p o r t  param eters  I f  one an a ly zes  only  th e  lead in g  
l in e a r  edge o f the  p u lse s  and an a ly zes  th e se  on ly  a t  low e l e c t r i c  
f i e ld  s t r e n g th s .
C - l .  M o b ility  o f Holes
The t r a n s i t  tim es t  o f h o le s  were computed fo r  d i f f e r e n t  
a p p lie d  v o lta g e s  a s  in d ic a te d  in  F ig . 14. I t  can be seen th a t  as  the  
v o lta g e  i s  in c re a se d  i t  becomes more and more d i f f i c u l t  to  lo c a te  the 
d is c o n t in u i ty  in  th e  cu rv es . The arrow  marks in d ic a te  th e  v a lu e  o f 
t t r .  The m o b ility  jj, i s  th en  c a lc u la te d  by o b ta in in g  th e  s lope o f the 
p lo t  o f l / t t r  v s .  V as fo llo w s :
d V /d ( l / t t r ) = d 2/|X (44)
F ig . 15 g iv es  such an e v a lu a tio n . The v a lu e s  o f m o b ility  ob ta in ed  
from se v e ra l experim ents a re  g iven  in  Table V I. That th e  v a lu e  i s  
q u ite  c o n s is te n t  w ith  th o se  re p o rte d  in  th e  l i t e r a t u r e  can be seen 
from Table V II. F u r th e r ,  th e  f a c t  th a t  th e  t r a n s i t  tim es measured 
by ad o p tin g  th i s  model have y ie ld e d  re p ro d u c ib le  and reaso n ab le  v a l ­
ues o f )j, in d ic a te s  th a t  th e  a n a ly s is  o f same i s  c o r r e c t .
C-2. Thermal Dependence o f  M o b ility
The e f f e c t  o f tem p era tu re  on m o b ility  was s tu d ie d . The r e ­
s u l t s  a re  g iven  in  F ig . 16 and Table V I II .  The curve o b ta in ed  f i t s  
th e  eq u a tio n
H = AT"X (45)
(where A i s  a  c o n s ta n t)  which i s  c h a r a c te r i s t i c  o f  s c a t te r in g  by 
a c o u s t ic a l  l a t t i c e  v ib r a t io n s  when x  = 1 .5 .  However, th e  tem pera tu re  
range i s  sm all and so th e  above eq u a tio n  i s  on ly  app rox im ate ly  v a l id ­
a te d .
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F ig . 15. R ec ip rocal t r a n s i t  tim e t  v s .  a p p lie d  v o lta g e  V - c e l l
-3XXIX. T hickness of c e l l  was d = 9 .29 x 10 cm. The s lo p e
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F ig . 16. Log , j *  v s .  log  T f o r  c e l l  X I I I .  A pplied v o lta g e  was V = 6  v . 
Slope i s  1 .83 .




















M o b ility  o f Holes in  A nthracene 
(22°C, and S tro b o tac  I llu m in a tio n )
-4  2C ell d (x  10 cm) Slope p,(cm /V sec)
X III 62 .8 5.04  x 10" 5 0.783
XI 6 8 . 2 3.98  x 10" 5 1.17
IX 67.9 5 .5  x 10“ 5 0.838
V 53.3 6 .28  x 1 0 - 5 0.452
V III 59.0 4 .76  x 10- 5 0.73
I I I 46 .4 4 .42  x 10" 5 0.487
IV 49.0 3 .0  x 10 ' 5 0.800'
XXII 92 .9 5 .8  x 10 ' 5 1.5
X III 62 .8 4 .4  x  1 0 " 5 0.8961
a) Slope in d e f in i te  due to  s c a t te r in g  o f p o in ts .
b) Using M ic ro fla sh .
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TABLE VII




K epler^ 0 .4  - 2
LeBlanc'* 0 .95
H e lf r lc h  and Mark8 0.43  ±  0 .05
7
B oroffka 2 .3
Q
Raman and McGlynn 0.48
P resen t d a ta 0.45  - 1 .5
^Phys. Rev. , 119. 1226 (1960). 
5 J .  Chem. Phys. .  33, 626 (1960). 
6 Z. P h y slk . . 166. 370 (1962).
7 I b id . .  160. 93 (1960).
8 J .  Chem. Phys. . 40, 515 (1964).
TABLE VIII
V a r ia tio n  of p, w ith  Tem perature 
(Tem perature Range: 22°C to  160°C)
C e ll d ( in  p,) V oltage x
X 68 .4  6  1 .73
X III  62 .8  6  1.83
V III  59.0 6  1.46
XVI 60 .4  5 2.30
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C-3. Mean- Free L ife tim e  and Range
A ttem pts were made to  e v a lu a te  th e  m ean-free tim e t  and Schub-
weg u). U n fo rtu n a te ly , th e  p u lse  h e ig h t v s .  a p p lie d  v o lta g e  curve does
no t fo llow  a tru e  Hecht b eh av io r and consequen tly  no e s tim a te  o f u) could
be o b ta in ed . T h e o re t ic a l ly ,  th e  l i f e t im e  t  can be measured d i r e c t ly  from
th e  p u lse  shape a t  low f i e ld s .  By choosing th re e  e q u a lly  spaced p o in ts
t . , t_ ,  and t_  in  th e  tim e in te r v a l  t '  £ t  £ t  , where t 7 i s  f la s h  dura- 1* 2* 3 t r
t io n ,  and m easuring th e  co rrespond ing  v o lta g e s  v ^ , v ^ ,  and v^ th e  l i f e ­
tim e can be c a lc u la te d  from
^V3"V2 ^ V2"V1  ̂ = exP("Ct 2"t l ^ T)
Since th e  c r y s ta l s  d id  n o t e x h ib i t  low -vo ltage  u n s a tu ra t io n , the  eq u a tio n  
could n o t be a p p lie d . However, a rough e s tim a te  was made by ana ly z in g
some of th e  p u lse s  which e x h ib ite d  s l ig h t  c u rv a tu re . Values o f t  between
-4  -5
1 0  and 1 0  sec were o b ta in e d .
I f  one assumes th a t  th e  l i f e t im e  i s  5 to  10 tim es g re a te r  than
th e  lo n g es t t r a n s i t  tim e m easured, then  a v a lu e  o f 8  x 1 0 "^ sec - 16 x
-  5 - 5 210 sec i s  o b ta in e d . T his y ie ld s  a v a lu e  o f 12 x 10 cm /V. fo r  uDq
i f  p, i s  taken  as 1 cm^/V. sec . T his v a lu e  would appear to  be rea so n ab le .
In  view o f th e  above d i f f i c u l t i e s  i t  was no t p o s s ib le  to  study th e  e f f e c t
o f  t e m p e r a t u r e  a n d  v o l t a g e  o n  t .
C-4. Tem perature Dependence o f C a r r ie r  P o p u la tio n
F ig . 17 shows th e  v a r i a t io n  of p u lse  h e ig h t w ith  re c ip ro c a l  
tem pera tu re  in  a sem i-log  p lo t .  The s lope  g iv es  an a c t iv a t io n  energy 
o f AE- = 0 .1 4  ev . which ag rees  rea so n ab ly  w e ll w ith  v a lu e s  rep o rted
9
from D. C. measurements (~0.17 e v ) . I t  i s  n o t im proper to  conclude
th a t  th e  in c re a se  in  D. C. p h o to c u rren t w ith  tem p era tu re  i s  due to  in ­
c rease  in  c a r r i e r  p o p u la tio n , as has long been supposed.
9
D. M. J .  Compton, W. G. S chneider and T. C. W addington, J .  Chem. 
Phys. .  27, 160 (1957).
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F ig . 17. Log p u lse  h e ig h t v s .  l /T  fo r  c e l l  X III .  A pplied v o lta g e  was
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C-5. S p e c tra l Dependence o f C a r r ie r  P o p u la tio n
F ig . 18 d e p ic ts  a photoconduction  a c t io n  spectrum  which r e p re ­
s e n ts  the  dependence of c a r r i e r  p o p u la tio n  on e x c i ta t io n  w avelength .
Lamp o u tp u t has been norm alized to  a c o n s ta n t photon number and the 
o rd in a te  I s  p ro p o rtio n a l to  a quantum e f f ic ie n c y .
The p h o to co n d u c tiv ity  a c t io n  spectrum  i s  in  q u a l i t a t iv e  ag re e ­
ment w ith  th e  c r y s ta l  a b so rp tio n  spectrum  o f C raig  and H o b b in s .^  I t  
d i f f e r s  from th e  one ob ta ined  by K e p le r^  in  th a t  th e  f i r s t  photocon­
d u c tio n  peak i s  somewhat s h if te d  tow ards lo n g er w avelengths and shows 
no f u r th e r  s ig n i f ic a n t  s t r u c tu r e .  The quantum e f f ic ie n c y  fo r  s tro n g ly  
absorbed l ig h t  i s  r e l a t iv e ly  l e s s  than  th a t  f o r  weakly absorbed l ig h t  
in d ic a t in g  th a t  th e  l i f e t im e s  o f  charge c a r r i e r s  generated  c lo s e r  to  
the  su rfac e  a re  r e l a t i v e ly  s h o r te r  than  those  genera ted  in  th e  bulk
C-6 . I n te n s i ty  Dependence of C a r r ie r  P o p u la tio n
In  F ig . 19 th e  p u lse  h e ig h t i s  p lo t te d  a g a in s t r e l a t iv e  in te n ­
s i t y  o f i l lu m in a tio n  fo r  d i f f e r e n t  v o lta g e s  w ith  s tro n g ly  absorbed 
l i g h t .  The l i n e a r i t y  in d ic a te s  th a t  th e  p h o to g en era tio n  i s  a f i r s t  
o rd e r p ro cess  w ith  re s p e c t to  l i g h t  i n t e n s i ty .  The experim ents were 
rep ea ted  w ith  weakly absorbed l i g h t  and the  r e s u l t s  were s im i la r .
C-7. P u lse  Shape a t  Longer Times
I t  i s  observed th a t  th e  p u lse s  have long t a i l s  ( s e e , f o r  example, 
F ig . 14) and i t  seems a p p ro p ria te  to  in q u ire  in to  the  o r ig in  o f t h i s  slow 
approach to  p u lse  s a tu r a t io n .  The in te r p r e ta t io n  which we c o n s id e r most 
l i k e ly  in v o lv es  a  delayed  d ep o p u la tio n  o f su rfa c e  t r a p s ,  and we s h a l l  
d ea l w ith  t h i s  f i r s t .  In  our z e ro th  o rd e r tre a tm e n t o f t r a n s p o r t  p a ra ­
m eters which has p re v io u s ly  been given  (v id e  s u p ra ) , the  f a c t  th a t  the  
p u lse s  show c o n s id e ra b le  t a i l i n g  was n eg lec te d  a l to g e th e r .  The su ccess­
fu l  co n c lu sio n s  th a t  were th e re b y  d eriv ed  j u s t i f y  such n e g le c t .
^ D . P. C raig  and P. C. Hobbins, J .  Chem. S o c ., 2309 (1955). 
^ R .  G. K ep ler, oj>. c i t . . v o l .  119, p . 1226.
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F ig , 18, P h o to co n d u c tiv ity  a c t io n  spectrum  fo r  an th racene - c e l l  XXI.
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F ig . 19. P u lse  h e ig h t v s .  p e rc e n t l i g h t  in t e n s i t y .  A nthracene - c e l l  
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L et us assume th a t  th e  t o t a l  pu lse  co n ta in s  two charge compo­
n e n ts ,  th e  prim ary  denoted by
q ( t 7) = n 0 e E |i t '/d  (47)
and a secondary  component g iv en  by
a ( t " )  = (n t e E (i,/d )(l-ex p [-t" /T d ] )  (48)
Where i s  a d e trap p in g  tim e , and a l l  the t r a p s  c h a ra c te r iz e d  by t h i s
mean d e tra p  tim e a re  supposed to  e x i s t  a t  o r  n ear th e  i n i t i a l l y  i r r a d i ­
a te d  s u rfa c e . nfc i s  th e  e q u ilib r iu m  number o f  trapped  h o le s  in  th e  su r­
face  re g io n ; i t  i s  understood th a t  t h i s  su rfa c e  tra p p in g  has reduced 
th e  s iz e  o f th e  prim ary p u lse  by a p ro p o rtio n a te  amount. We may now 
w r i te
q ( t )  = (Ep,e/ d) (nQt 7  + n t [ l - e x p ( - t " /T d) ]) (49)
where t 7  = 0  a t  t  = t ^ ,  t^  being  th e  time a f t e r  in c e p tio n  o f the pho to - 
l y t i c  f la s h  which i s  n e c e ssa ry  to  e s ta b l i s h  a  s tead y  s ta te  p o p u la tio n  
o f c a r r i e r s ,  bo th  f r e e  and tra p p ed , and where t "  = 0 a t  t  = t fcr« I t  i s  
th e reb y  supposed th a t  su rfac e  d e trap p in g  becomes im p o rtan t only a f t e r  
th e  p rim ary  component has s a tu r a te d .  As a consequence o f th e se  assump­
t io n s
a ( t )  = (Efie/d) (n 0 [ t = t Q] + n t [ l - e x p - ( t - t t r ) /T d]) (50)
For tg  < t  £ t  we f in d  a ( t )  = E ^ e t/d , which i s  th e  behav io r shown in
F ig . 14. For t  > t .  , and such th a t  ( t - t .  ) £ t , we findt r  t r  d
q ( t )  = co n stan t + n  In  t  (51)
A p lo t  o f  v ( t )  v s .  In  t  i s  g iven  in  F ig . 20, w herein  i t  i s  seen th a t  
l i n e a r i t y  o b ta in s ,  and th a t  t _ t t r  i s  of tbe  o rd e r o f o r s l ig h t ly  . 
g r e a te r  th an  Td * The b reak -tim e , tg ,  in  th e  In t  p lo t  corresponds to  
th e  tim e o f c o l le c t io n  o f the  detrapped c a r r i e r s ,  and i f  i t  be assumed
to  re p re s e n t the  s a tu r a t io n  tim e th en  i t s  dependence on v o lta g e  should 
g e n e ra te  a  m o b ili ty  and i t s  dependence on tem p era tu re  a su rface  t r a p  
d ep th .
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F ig . 20. P h o to cu rren t p u lse s  in  an th racen e  - c e l l  XXII. The log  t  
dependence o f v ( t )  a t  t  ^ t  i s  in d ic a te d  by reg io n s  of 
l i n e a r i t y .  The b reak  from l i n e a r i t y  a t  lo n g er tim es i s  in -  
d ic a te d  by an arrow and d es ig n a ted  t  . I r r a d ia t io n  was
u






















The v o l ta g e  dependence o f t c I s  shown in  F ig .  21. The s lope
of the  s t r a i g h t  l i n e  ob ta ined  y i e l d s  a  v a lu e  o f  0 .9  cm / v .  sec f o r  the
hole  m o b i l i ty ,  in  good agreement w i th  the v a lu e s  o f Tables VI and V II.
A p lo t  o f  In  t_  v s .  l /T  i s  g iven  in  F ig .  22. I t  i s  seen t h a t  t  , in  b “  b
c o n t r a s t  to  th e  t r a n s i t  time t fcr, d ec rease s  as  th e  tem pera tu re  in ­
c re a s e s .  t  i s  r e l a t e d  to  AE, the  t r a p  depth  o f shallow  t r a p s  by the
12eq u a tio n  g iven  by M ichel.
t s = [pdT"1 / 2 ) / ( M<()v 0 VT1) ]  exp (AE/kT) + (52)
where p = t o t a l  d i s ta n c e  t r a v e l le d  by h o les  in  th e  reg io n  co n ta in in g
- 3 /2  2shallow  t r a p s ,  (Xq = \l / T  , Vq = vT where v i s  th e  a ttem pt frequency,
-  average time a ho le  spends in  th e  va len ce  band, AE = shallow  t r a p  
dep th , t^  = f l a s h  d u ra t io n .  This in  co n ju n c tio n  w ith  F ig .  10, y ie ld s  
a v a lu e  o f  0 .045 ev f o r  th e  t r a p  d ep th .
The above i n t e r p r e t a t i o n ,  w hile  i n t e r n a l l y  c o n s is te n t  and to  
some e x te n t  v a l id a te d  by the r e s u l t s  o f experiment based th e reo n ,  i s  
no t  n e c e s s a r i l y  c o r r e c t .  I t  i s  e n t i r e l y  p o s s ib le  t h a t  the  apparen t 
poor i n t e g r a t i o n  o f the  p u ls e s ,  i f  n o t  due to  the p o s tu la te d  d e tra p p in g ,  
may a r i s e  from a d ec rease  o f th e  RC time c o n s ta n t .  The combined capac­
i ta n c e  o f  th e  o u tp u t  c i r c u i t ,  which c o n s is t s  p r im a r i ly  of th e  c r y s t a l  
c a p a c i ta n c e ,  may d ec rease  i f  a d o u b le - la y e r  type o f  space charge i s  
p re se n t  a t  the  su rface  o f  the  c r y s t a l .  The capac itan ce  a s so c ia te d  
w i th  such a  double l a y e r .w i l l  v a ry  in v e r s e ly  as  some fu n c t io n  o f  v o l t ­
age, and a l s o  w ith  the  charge d e n s i ty  o f th e  space charge la y e r .
C-8 .  P r o p e r t i e s  o f  E le c tro n s
Only v e ry  l im i te d  r e fe r e n c e s  a re  a v a i la b le  d e s c r ib in g  the  t r a n s ­
p o r t  p r o p e r t i e s  o f  n e g a t iv e  charge c a r r i e r s  in  o rg an ic  c r y s t a l s .  LeBlanc
2
g iv es  a  v a lu e  o f  0 .5 4  cm / v . s e c  f o r  the  m o b i l i ty  o f  e le c t ro n s  in  a n th ra -  
13cene. In  th e  p r e s e n t  work, owing to  th e  v e ry  small p h o to c u r re n ts  ob-
12A. M ichel, op. c i t . , v o l .  121, p .  968.
130 . H. LeBlanc, op. c i t . , v o l .  33, p. 626.
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F ig .  21. R ec ip roca l t„  v s .  ap p lied  v o lta g e  - c e l l  XXII. M ob ili ty ,




















F ig .  21
6
V O L T S
76
F ig .  22. Log tg  v s . 1/T f o r  an th racene  - c e l l  X I I I .  The observed 
su rface  t r a p  dep th  i s  0 .045 ev.
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served and t h e i r  e r r a t i c  n a tu r e ,  i t  was p r a c t i c a l l y  im possib le  to  ge t
meaningful t r a n s i t  t im es .  However, a rough e s t im a te  turned  out to  be
0.37 cm / v . s e c  a t  an a p p l ie d  v o l ta g e  o f 47 v o l t s  in  c e l l  XXII. Using
- 6eq u a tio n  (50) the  l i f e t im e  was c a lc u la te d  as  7 .3  x 10 sec which would
-7 2y ie ld  a v a lu e  o f 2 . 6  x 10 cm /v .  f o r  Schubweg. I t  i s  in d ic a te d  then  
th a t  h o le  l i f e t im e  and Schubweg a re  co n s id e rab ly  l a r g e r  than those  of 
the  e l e c t r o n .
C-9. High Voltage E f f e c t s
The anomalous non-Hecht behavior i s  e v id en t  from the  e f f e c t  of
a p p lie d  f i e l d  on p h o to c u r re n t .  T yp ica l examples a re  g iven  in  F ig s .  23
and 2 4 .  In  c e l l s  having th ic k n e ss  of the  o rd e r  o f  1 5 jjl -  40(x the  pu lse
h e ig h t  v a r ie d  l i n e a r l y  w i th  v o l ta g e  in  m oderately  low f i e l d  reg io n s  and
s a tu r a te d  o r  showed such a tendency a t  h igh  f i e l d s  (see  F ig .  23). In
th ic k e r  c e l l s  (45p> -  100(j,) the  tre n d  was m ainly s u p e r - l in e a r .  (See F ig .
24). S a tu ra t io n  in  t h ic k e r  c e l l s  could no t be observed due to  e l e c t r i c
breakdown. In  th in n e r  c r y s t a l s ,  where s a tu r a t io n  was ach ieved , i t  was
no t p o s s ib le  to  f i t  the  d a ta  to  H ech t 's  equa tion  w ith o u t ta k in g  v a lu es
o f  |x an o rd e r  o f  magnitude l e s s  than th e  v a lu e s  shown in  Table VI. The
g e n e ra l ly  observed exponent o f  the  v o l ta g e  in  the  log Vg v s .  log  V p lo t s
ranges from 1 .2  - 1 .6 .  This  may be due to  e i t h e r  the e f f e c t  o f  f i e l d
on quantum e f f i c i e n c y  or on the  r a t e  o f  recom bination  a t  the su rface  as
14suggested by LeBlanc.
I t  i s  a p p ro p r ia te  to  emphasize t h a t  non-Hecht behav io r  of pu lse  
h e ig h t  w ith  f i e l d  i s  by no means uncommon. M ic h e l^  who has observed 
a s im i l a r  behav io r  f o r  s i l v e r  c h lo r id e  under pulsed x - ra y  i r r a d i a t i o n  
has a t t r i b u t e d  t h i s  to  a t h in  su rface  reg io n  n ea r  the  i l lu m in a te d  e l e c ­
tro d e  l im i t in g  the  number o f  charge c a r r i e r s  e n te r in g  the bu lk .  Simi­
l a r l y ,  su r fa c e  im p erfec t io n s  have been shown to  a f f e c t  the  t r a n s i e n t
^ M ic h e l ,  o£. c i t .
78
F ig .  23. Peak pu lse  h e ig h t  v s .  v o l ta g e :  A i s  c e l l  I I  w ith  d = 25.6|j,
and B i s  c e l l  V III  w ith  d = 20.6|ju Both c e l l s  were i r r a d i a t e d  
through the  p o s i t iv e  e le c t r o d e .  P u lses  a re  t y p i c a l l y  non- 
Hecht, even though they  do e x h ib i t  s a tu r a t i o n .  With Hecht be­
h a v io r ,  s a tu r a t io n  should have occurred  a t  much lower v o l ta g e s .
PEAK PULSE HEIGHT 
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F i g .  24. Peak p u ls e  h e ig h t  v s .  v o l ta g e  f o r  a n th ra c e n e  - c e l l  XVII
w i th  d = 60p,. S a tu r a t i o n  i s  n o t  o b se rv ed , n o r  i s  an  approach  
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c u r r e n ts  a s  in  the  case o f experim ents  by H o e s t e r e y .^
While we cannot fo rm ula te  a unique or c o r re c t  i n t e r p r e t a t i o n  o f  t h i s  
s u p e r l i n e a r i t y  we can hazard a few c o n je c tu re s .  Let us suppose t h a t  
a t  the  su rface  la y e r  th e re  e x i s t s  a reg io n  where co n s id e rab le  recombi­
n a t io n  o ccu rs .  I f  we suppose t h a t  t h i s  recom bination  p rocess  i s  k in e t -  
i c a l l y  dominant, then the  observed l i n e a r i t y  of puls# h e ig h t  w ith  in c id e n t  
photon d e n s i ty  o f F ig .  19 fo rc e s  us to  conclude th a t  the  c a r r i e r  gener­
a t i v e  p rocess  a t  th e  su rface  i s  b ip h o to n ic .  Kepler and M e rr i f ie ld  have 
r e c e n t ly  con jec tu red  s im i la r ly .* ^  With th ese  assum ptions, the e x te n t  of 
recom bination  which w i l l  occur in  the su rface  la y e r  w i l l  be a fu n c t io n  
o f the  time which the  two in c i p i e n t l y  generated  charge la y e r s  spend in  
c o n ta c t  w ith  each o th e r .  Since the  se p a ra t io n  v e lo c i ty  of the two 
la y e r s  must be some fu n c t io n  of the  f i e ld  s t r e n g th ,  i t  i s  in d ic a te d
t h a t  a l a r g e r  hole  pu lse  w i l l  be in je c te d  in to  bulk  a t  l a r g e r  v o l ta g e s .
1 /2The v e lo c i ty  of s e p a ra t io n  should l i e  between a V and V dependence,
Xand consequently  n^ a  V , where x < 1. Since q a  n^V in  the l i n e a r  
Hecht re g io n ,  i t  i s  in d ic a te d  t h a t  a V dependence could r e s u l t .  The 
observed va lue  of x ranges from Q. 2  to  0 . 6 .
On the  o th e r  hand we could assume th a t  a r e c t i f i c a t i o n  b a r r i e r  
caused by su rface  s t a t e s  i s  s e t  up and th a t  the  c r y s t a l  behaves as a 
t y p i c a l  p-n ju n c t io n .  The forward c u r re n t  given by J  = A[exp(eVQ/kT)-l],
Vq be ing  the  v o l ta g e  ap p lied  a c ro ss  the  ju n c t io n ,  might then be expected 
to  show a l i n e a r  r i s e  when Vq i s  la rg e  p o s i t i v e .  The p u lse  h e ig h t  be­
h a v io r  o f  te tra p h e n y lb u ta d ie n e  shows f u l l  conform ity  to  t h i s  type o f be­
h a v io r  over the  f u l l  range o f Vq, both  p o s i t iv e  and n e g a t iv e .  For 
a n th ra c e n e ,  on the  o th e r  hand, the  n e g a tiv e  p u lse s  were e r r a t i c  and 
i r r e p r o d u c ib le  and the behav io r  w ith  n e g a tiv e  b ia s  could not be f o l ­
lowed v e ry  a c c u ra te ly ;  the  p o s i t iv e  p u lses  provided no evidence con­
t r a r y  to  a p-n  ju n c t io n  b eh av io r ,  nor any s ig n i f i c a n t  evidence in  i t s  
f a v o r .  We must conclude then  th a t  t h i s  l a t t e r  i n t e r p r e t a t i o n  i s  of
^ D .  C. H oesterey , J .  Chem. Phys. ,  36, 557 (1962)
17R. G. Kepler and R. E. M e r r i f i e ld ,  J .  Chem. Phys. . 40, 1173
(1964).
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Importance only  by correspondence w ith  th e  te tra p h e n y lb u ta d le n e  r e s u l t s  
and because of th e  s u p e r l i n e a r i t y  e x h ib i te d  by an th racene  i t s e l f .  On 
th e  o th e r  hand th e  s u p e r l i n e a r i t y  observed may be due to  the  f a c t  t h a t  
the  space charge f i e l d s  s e t  up by h o le s  a re  n o t e n t i r e l y  n e g l ig ib l e .
This space charge may a r i s e  from both  the  moving ho les  and those  in  
t r a p s .  However, we do not have any experim enta l evidence to  show th a t  
space charge i n j e c t i o n  tak es  p lace  using  SnO^ e le c t r o d e s .
C-10. Quantum E f f ic ie n c y
T h e o re t ic a l ly  quantum e f f i c i e n c y  i s  c a lc u la te d  by s tudy ing  the
s a tu r a t io n  reg io n  where i t  can be expected th a t  a l l  the  charge c a r r i e r s
produced a r e  p u lled  through the  c r y s t a l .  U n fo r tu n a te ly ,  the  non-Hecht
behav io r  r e s t r i c t s  the  use of pu lse  h e ig h t  d a ta  fo r  such an e v a lu a t io n .
However, a rough e s tim a te  o f  T|, the  quantum e f f i c i e n c y  p e r  in c id e n t
photon may be ob ta ined  by adop ting  an e x t r a p o la t io n  approxim ation given
18by Wild and Brown. This procedure invo lves  the  p l o t t i n g  of Q, the 
t o t a l  charge induced as  a fu n c t io n  o f ap p lied  e l e c t r i c  f i e l d  E, and 
then  e x t r a p o la t in g  the  low f i e l d  reg io n  as  though th e re  were no c o l l e c ­
t io n  e f f e c t s .  In  computing T) the  fo llow ing  e q u a tio n  i s  then  u t i l i z e d :
Tjoo = (Qd2 ) / (N QeV) (53)
where Nq i s  the t o t a l  number of in c id e n t  photons. From th e  s lope of
fftEs'^tfhe T]u) i s  c a lc u la te d .  F ig .  25 g ives  such a c a lc u la t io n .  Assuming
- 5 2 -4u) = 5 .4  x 10 cm /v .  one g e ts  fo r  T] a va lue  o f 1.16 x 10 fo r  c e l l  XXII.
-4For c e l l  XVII, th e  v a lu e  was 2 . 1  x 10 .
There i s  good correspondence between the  above v a lu e  of T]400mp,
/ - 4  19and the  one (10 ) re p o rted  by Carsw ell and Lyons. However, as  i t  has
not been p o s s ib le  to  o b ta in  an a b so lu te  va lue  f o r  T)402m|i the  p re se n t
d a ta  can only  be thought o f  as g iv in g  the  o rde r  of magnitude of t h i s
param eter.
1 8R. L. Wild and F. C. Brown, Phys. Rev. . 121. 1296 (1961).
19D. J .  Carswell and L. E. Lyons, J .  Chem. Soc. , 1734 (1955).
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+4F ig .  25. (Q/NqCJxIO v s . a p p lied  v o l ta g e  f o r  an th racene  - c e l l  XXII.
E x c i ta t io n  w avelength  was 402 nip.. L im iting  s lope  g ives
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C - l l .  M o b ili ty  Data For Various Organic Molecules
In  the  p re se n t  work the  m o b i l i ty  measurements were a ls o  done 
fo r  te t ra p h e n y lb u ta d ie n e ,  s t i lb e n e  and m -te rpheny l. The r e s u l t s  a re  
given in  Table IX.
TABLE IX
M o b il i ty  of Holes in  Organic C ry s ta l s .
2
Compound |J,+ (cm /V .sec)
_ 2
T etrapheny lbu tad iene  2 .3  x 10
-5m -terphenyl*  ~  1 0
s t i lb e n e *  l o ”^
*) High f i e l d  d a ta .
CHAPTER V
CONCLUSIONS
The work rep o r ted  here  was undertaken  in  an e f f o r t  to  e s t a b l i s h  
the  n a tu re  o f charge c a r r i e r  g e n e ra t io n  by o p t i c a l  e x c i t a t i o n .  This ob­
j e c t i v e  has n o t  been ach ieved . However, a number of conc lus ions  i s  pos­
s ib l e  and th ese  a re  s e r i a l i z e d  below:
1. The pho to g en era tiv e  p ro cess  i s  f a s t ;  i t  i s  c e r t a i n l y  l e s s  
than  0 . 6  m icroseconds.
2. The p h o to cu rren t  i s  l i n e a r  w ith  l i g h t  i n t e n s i t y  when the 
e x c i t in g  l i g h t  i s  po lychrom atic  and i s  s t ro n g ly  absorbed in  the  c ry s ­
t a l .  This l i n e a r  dependence was observed fo r  bo th  pulsed  and steady  
i l lu m in a t io n .
3. The p h o to cu rren t  i s  l i n e a r  w ith  l i g h t  i n t e n s i t y  when a 
monochromatic and s t ro n g ly  absorbed l i g h t  i s  used fo r  e x c i t a t i o n .
4. Under s tead y  i l lu m in a t io n  w ith  monochromatic and v e ry  
weakly absorbed r a d i a t io n ,  the  p h o to cu rren t  v a r i e s  s u b l in e a r ly  w ith  
l i g h t  i n t e n s i t y .
5. The dependence o f  the p h o to cu rren t  on l i g h t  i n t e n s i t y  i s  
dependent a l s o  upon the  i n t e n s i t y  of the  ap p lied  e l e c t r i c  f i e l d .  The 
g en e ra l  tendency i s  fo r  the p h o to cu rren t  to  v a ry  w ith  h ig h er  powers
of l i g h t  i n t e n s i t y  fo r  h ig h e r  i n t e n s i t i e s  o f  the  ap p lied  e l e c t r i c  f i e l d .  
In  no case ,  however, was the  p h o to cu rren t  observed to  v a ry  as the square 
o f  l i g h t  i n t e n s i t y .  I t  may be concluded t h a t  th e re  i s  a t  l e a s t  one 
k i n e t i c a l l y  im portan t p ro cess  which i s  f i e l d  dependent; t h i s  may pos­
s ib ly  be a r a t e  o f  d e trap p in g  which in c re a s e s  w ith  the e l e c t r i c  f i e ld  
o r a r a t e  o f  recom bination  which d ec reases  w ith  in c re a s in g  e l e c t r i c  
f i e l d .
6 . The conclusion  th a t  may be made from the  a n a ly s is  o f the 
photoconduction  a c t io n  s p e c t ra  o f an th ra c e n e ,  rubrene and te t r a p h e n y l ­
bu tad iene  i s  t h a t  the  r a t e  o f  recom bination  a t  the su rface  i s  no t neg­
l i g i b l e  compared w ith  the r a t e  o f recom bination  in  th e  bulk  of the 
c r y s t a l .
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7. Items 1, 2, 3, 5, and 6  seem to  in d ic a te  t h a t  charge c a r ­
r i e r  g e n e ra t io n  by s t ro n g ly  absorbed l i g h t  may be b ip h o to n ic .
8 . There i s  a h igh  d e n s i ty  o f  t ra p p in g  c e n te r s  0 .39 ev. below
the  conducting le v e l s  in  m -terpheny l.  The tra p p in g  c r o s s - s e c t io n  i s
_  18 2
of the  o rd e r  o f  1 .5  x 10 cm ; the a t te m p t- to -e sc a p e  frequency i s  of
g
the  o rd e r  of 3 .8  x 10 / s e c  and the  mean f r e e  time between t ra p p in g  i s
- 8
of the o rd e r  o f 4 x 10 sec .
9. F a i r l y  deep tra p p in g  s t a t e s  (0 .6  ev. below the  conducting 
le v e l s )  w ith  a d e n s i ty  comparable to  t h a t  o f  m -terphenyl were a lso  found 
in  an th racene  sandwich c e l l s .
10. The v e ry  low measured v a lu e  o f m o b i l i ty  in  m -terphenyl i s
p robab ly  a consequence o f  t r a p  m odulation o f  the d r i f t  m o b i l i ty .  A
non-trap-m odulated  va lue  of m o b il i ty  was c a lc u la te d  and found to  be of
2
the  o rd e r  o f  4 .5  cm /V sec .
11. The m o b i l i ty  o f  ho les  in  a d i r e c t io n  p e rp e n d ic u la r  to  the
2
001 face  of an th racene  i s  0 .45  - 1.5 cm /v .  sec .
12. Hole m o b i l i ty  in  an th racene  v a r i e s  a t  T n , where n ranges 
from 1.73 to  2 .30 . Hole m o b i l i ty  i s  a p p a re n t ly  l im ite d  p r im a r i ly  by 
s c a t t e r i n g  due to  the  a c o u s t ic  branch o f th e  l a t t i c e  v i b r a t i o n  spectrum.
13. Hole mean f r e e  l i f e t im e  i s  of the  o rder  o f  10 ^ sec in  an­
th ra c e n e .
14. The dependence of hole  p o p u la t io n  on tem perature  in  a n th ra ­
cene i s  e x p o n e n t ia l ,  the  a c t i v a t i o n  energy being  0 .14  ev. The c lo seness  
o f t h i s  va lue  to  t h a t  observed in  DC measurements (0 .17 ev) perhaps i n ­
d ic a t e s  t h a t  such DC measurements do indeed measure a t ru e  c a r r i e r  popu­
l a t i o n  a c t i v a t i o n  energy .
15. E le c tro n  m o b i l i ty  in  a d i r e c t io n  p e rp e n d ic u la r  to  the 001
2
face  o f an th racene  i s  approx im ate ly  0 .4  cm / v . s e c .
16. The p u lse  shape i s  l i n e a r  a t  sh o r t  tim es ( t  < t  ) ,  but 
e x h ib i t s  an abnormally la rg e  component which does no t s a tu r a t e  u n t i l  
tim es o f the o rd e r  o f 6 t t r#  I t  has been shown th a t  the  l a r g e r  p a r t  of 
t h i s  secondary p u lse  component v a r i e s  as l n t  in  accord w ith  p r e d ic t io n s  
o f a model which ana lyzes  t h i s  component as due to  r e le a s e  o f  c a r r i e r s  
from t r a p s .
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17. The break  in  the  In t  l i n e a r i t y  which occurs a t  t c can beD
used in  co n junc tion  w ith  v o l ta g e  v a r i a t i o n  to  d e f in e  a m o b i l i ty  which
accords  w e ll  w ith  t h a t  o f  16 above. The t  v s .  ^ dependence d e f in esb 1
a su rfa c e  t r a p  depth  f o r  ho les  of 0 .0 4  ev.
18. Z e ro - f ie ld  quantum e f f i c i e n c y  a t  402 iip when th e  a n th ra -
_4
cene c r y s t a l  i s  in  c o n ta c t  w ith  the  Sn0 2  e le c t ro d e s  i s  ~  1 0
19. F u r th e r  work i s  n ecessa ry  to  a s c e r t a in  the  n a tu re  of the  
t ra p p in g  and recom bination  c e n te rs  and t h e i r  r e sp e c t iv e  importance in  
the  k in e t i c s  of pho toconduction . The experim en ta l r e s u l t s  f o r  m -te r ­
phenyl and an th racene  in d ic a te  th a t  the  charge c a r r i e r s  a re  s c a t te re d  
m ainly by a c o u s t ic a l  phonons. This needs f u r th e r  s u b s ta n t i a t io n .  The 
problem of p h o to g en era tio n  of c a r r i e r s  c a l l s  fo r  a d e ta i l e d  in v e s t ig a ­
t i o n  o f the  e l e c t r o n i c  s t a t e s  of o rg an ic  m olecu lar  c r y s t a l s .
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